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ABSTRACT 

A fiat  p la te ,  a ho l low c y l i n d e r ,  and a n i n e - c a l i b e r  og ive  con t a in ing  
l a t e r a l  son ic  j e t s  w e r e  t e s t e d  at Mach  n u m b e r s  2 .99,  3 .98,  and 5 .01  in 

t t 
the  12-Inch  S u p e r s o n i c  Tunne l  (E-1)  of the  von K a r m a n  Gas D y n a m i c s  
F a c i l i t y .  The  i n t e r a c t i o n  f o r c e s  g e n e r a t e d  on t h e s e  bod ies  w e r e  i n v e s t i -  
ga t ed  for  v a r i o u s  son ic  n o z z l e  c o n f i g u r a t i o n s  i nc lud ing  s i n g l e  c i r c u l a r  
n o z z l e s ,  m u l t i p l e  c i r c u l a r  n o z z l e s ,  and s lo t s  of v a r i o u s  wid th  and span  
s i z e s .  The  n o z z l e s  w e r e  o p e r a t e d  at j e t  s t a g n a t i o n  to f r e e - s t r e a m  s t a t i c  
p r e s s u r e  r a t i o s  f r o m  10 to 2000. 

The  f o r c e  p r o d u c e d  on a s u r f a c e  by the  i n t e r a c t i o n  of the  l a t e r a l  j e t  
wi th  the  s u p e r s o n i c  f r e e  s t r e a m  was e v a l u a t e d  f r o m  m o d e l  p r e s s u r e  d i s -  
t r i b u t i o n s  and c o m p a r e d  with v a r i o u s  t h e o r e t i c a l  e s t i m a t e s .  Good a g r e e -  
m e n t  was ob ta ined  b e t w e e n  the  p r e s e n t  e x p e r i m e n t a l  da ta  and the  t h e o -  
r e t i c a l  e s t i m a t e s  b a s e d  on a l i n e a r  c o m b i n a t i o n  of the  v i s c o u s  and i n v i s c i d  
e s t i m a t e s  of the  j e t  i n t e r a c t i o n  f o r c e .  Also ,  good a g r e e m e n t  was ob ta ined  
b e t w e e n  the  i n t e g r a t e d  p r e s s u r e  da ta  and s o m e  f o r c e  m e a s u r e m e n t s .  

T h e s e  t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  i nd i ca t ed  that  s i gn i f i c an t  
j e t  i n t e r a c t i o n  f o r c e s  a r e  p r o d u c e d .  In g e n e r a l ,  c i r c u l a r  son ic  j e t s  
p r o d u c e d  the  m a x i m u m  i n t e r a c t i o n  f o r c e  when  l o c a t e d  about 30 j e t  n o z z l e  
d i a m e t e r s  f o r w a r d  of the  t r a i l i n g  edge  of a p l a n a r  s u r f a c e  o r  at the  b a s e  
edge  of a body of r evo lu t i on .  R e c t a n g u l a r  n o z z l e s  ( s lo t s )  g e n e r a t e d  the  
l a r g e s t  f o r c e  when  l o c a t e d  at the  m o d e l  t r a i l i n g  edge .  

PUBLICATION REVIEW 

This report has been reviewed and publication is approved. 

Eastman,  Jr.  ~ "  
DCS/Research  ~'Colonel, USAF 

DCS/Test  
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1.0 INTRODUCTION 

As m a n n e d  v e h i c l e s  and u n m a n n e d  m i s s i l e s  t r a v e r s e  the  uppe r  
r e g i o n s  (high a l t i t udes )  of the  c o r r i d o r  of con t inuous  f l ight  ( s e e  F ig .  1), 
the  n e e d  for  c o n t r o l  s y s t e m s  wi th  b r o a d e r  a e r o d y n a m i c  o p e r a t i o n a l  c h a r -  
a c t e r i s t i c s  i n c r e a s e s .  The  h igh  a l t i tude ,  h igh  Mach  n u m b e r  e n v i r o n m e n t  
r e q u i r e s  tha t  the  c o n t r o l  s y s t e m s  be as o p e r a t i o n a l  and r e l i a b l e  at a 
f in i te  d y n a m i c  p r e s s u r e  as in a n e a r  vacuum.  Al so  as a r e s u l t  of h igh  
s p e e d s ,  the  r e s p o n s e  of t h e s e  c o n t r o l  s y s t e m s  m u s t  be r ap id  and p r e d i c t -  
ab le .  As a u x i l i a r y  c o n t r o l s ,  r e a c t i o n  j e t s  have  p r o v i d e d  a m e a n s  of 
c o n t r o l l i n g  the  a t t i tude  and t r a j e c t o r y  of h igh  a l t i tude ,  h igh Mach  n u m b e r ,  
m a n n e d  v e h i c l e s  s u c h  as the  X-15  r e s e a r c h  a i r p l a n e  and the  M e r c u r y  
c a p s u l e .  S i m i l a r  c o n t r o l s  wil l  be u s e d  by the  Apol lo  and Dyna Soa r  
m a n n e d  v e h i c l e s  at the  h igh  a l t i t udes  above  the  f l ight  c o r r i d o r .  

At the  l o w e r  a l t i t udes ,  r e a c t i o n  j e t s  m a y  p r o v i d e  a m e a n s  of aug-  
m e n t i n g  conven t i ona l  a e r o d y n a m i c  c o n t r o l  s u r f a c e s  o r  m a y  e v e n  r e p l a c e  
t h e s e  c o n t r o l  s u r f a c e s ,  p r o v i d e d  the  r e a c t i o n  j e t  fuel  r e q u i r e m e n t s  can 
be m a d e  e c o n o m i c a l l y  f e a s i b l e .  The  p r e s e n t  e x p e r i m e n t a l  and t h e o r e t i c a l  
p r o g r a m  wil l  d e m o n s t r a t e  s o m e  of the  use fu l  c o n t r o l  f o r c e s  g e n e r a t e d  by 
l a t e r a l  j e t s  o p e r a t i n g  in an e n v i r o n m e n t  s i m i l a r  to the  cond i t ions  e x p e r i -  
e n c e d  by the  v e h i c l e s  f ly ing  in the  uppe r  and l o w e r  r e g i m e  of the  c o r r i d o r  
of con t inuous  s u p e r s o n i c  f l ight .  T h e s e  r e s u l t s  dea l  m o r e  d i r e c t l y  with 
the  ba s i c  flow p h e n o m e n a  of i n t e r a c t i o n  load ing  p r o d u c e d  by a j e t  on a 
f la t  p la te ,  a ho l low c y l i n d e r ,  and an ogive  in a s u p e r s o n i c  f r e e  s t r e a m .  

T h e  fo l lowing  is a r e v i e w  of i n v e s t i g a t i o n s  on the  d i s c h a r g e  of f low 
into a m o v i n g  s t r e a m .  At s u b s o n i c  s p e e d s ,  the e f fec t s  of a l a t e r a l  a i r -  
s t r e a m  e x h a u s t i n g  into a m o v i n g  f r e e  s t r e a m  have  b e e n  i n v e s t i g a t e d  as 
p a r t  of the  d e v e l o p m e n t  of a i r  j e t  f laps ,  a u x i l i a r y  a i r  ou t l e t s ,  v e r t i c a l -  
t a k e - o f f  v e h i c l e s  us ing  an a i r  j e t  s t r e a m  for  l ift ,  h ea t i ng  o r  coo l ing  an 
a i r s t r e a m ,  and m a n y  o t h e r  a i r  j e t  a p p l i c a t i o n s .  One t h e o r e t i c a l  a p p r o a c h  
to the  b a s i c  p r o b l e m  of the  i n t e r a c t i o n  of a l a t e r a l  j e t  wi th  a m o v i n g  
s t r e a m  was d e v e l o p e d  by E h r i c k  (Ref. 1). A s i d e  f r o m  a n u m b e r  of 
e x p e r i m e n t a l  i n v e s t i g a t i o n s  into v a r i o u s  app l i ca t i ons  u t i l i z ing  a i r  j e t s ,  

M a n u s c r i p t  r e c e i v e d  J a n u a r y  1963. 
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s o m e  b a s i c  i n f o r m a t i o n  on j e t  p e n e t r a t i o n  in to  a s u b s o n i c  s t r e a m  m a y  
be found in Refs .  2 and 3. A t e s t  p r o g r a m  to d e t e r m i n e  the  i n f l u e n c e  of 
a t r a n s o n i c  s t r e a m  on the  d i s c h a r g e  c o e f f i c i e n t  of a l a t e r a l  j e t  was  
e x p e r i m e n t a l l y  e v a l u a t e d  at the  NACA, and s o m e  r e s u l t s  a r e  p r e s e n t e d  
in Ref.  4. A l s o  the  e f f e c t i v e n e s s  of a i r  j e t  c o n t r o l s  on a p a r t i c u l a r  type  
of m i s s i l e  c o n f i g u r a t i o n  was  ob ta ined  in the  Mach  n u m b e r  r a n g e  of 0 .6  
to 1 .8  (Ref.  5). A f a i r l y  c o m p l e t e  s u m m a r y  of the  u se  of a i r  j e t s  as 
b o u n d a r y - l a y e r  c o n t r o l  s y s t e m s ,  a i r  j e t  f laps ,  l a t e r a l  j e t s  f r o m  un-  
s w e p t  and swep t  wings ,  and g round  e f f ec t s  of a i r  j e t  f lap s y s t e m s  at 
s u b s o n i c ,  t r a n s o n i c ,  and s u p e r s o n i c  s p e e d s  (Mach  n u m b e r s  up to 2 .5)  
is  p r e s e n t e d  by L a c h m a n  (Ref.  6). 

The  d i s c h a r g e  of low e n e r g y  a i r  o r  hot  exhaus t  g a s e s  f r o m  a h igh  
s p e e d  ( t r a n s o n i c ,  s u p e r s o n i c ,  o r  h y p e r s o n i c )  v e h i c l e  has  a l so  g e n e r a t e d  
p r o b l e m s  p e r t a i n i n g  to l a t e r a l  j e t s .  In the  pas t ,  e x t e n s i v e  e x p e r i m e n t a -  
t ion  was  c o n d u c t e d  to a n a l y z e  the  a x i a l - t h r u s t  p e n a l t i e s  wi thout  e v a l u a t -  
ing the  i n h e r e n t  n o r m a l  and s i d e  f o r c e s  r e s u l t i n g  f r o m  j e t  m o m e n t u m  
and flow i n t e r a c t i o n .  A n o t h e r  a r e a  of p r a c t i c a l  i n t e r e s t ,  a s s o c i a t e d  
wi th  a i r  d i s p o s a l ,  is the  d e g r e e  of p e n e t r a t i o n  and in f luence  of the  exhaus t  
j e t s  as  t he  d i s c h a r g e d  g a s e s  w a s h  o v e r  the  s u r f a c e s  of the  body.  Th i s  
m i g h t  b e c o m e  i n c r e a s i n g l y  i m p o r t a n t  if one  a s s u m e s  that  the  e x h a u s t  
g a s e s  a r e  hot  and c o r r o s i v e ,  and they  would  t h e r e f o r e  have  an e f fec t  on 
the  v e h i c l e t s  s t r u c t u r e .  

Dur ing  the  l a u n c h  and boos t  p h a s e s  of f l ight ,  a m e a n s  of c o n t r o l l i n g  
v e h i c l e  t r a j e c t o r y  has  b e e n  ob t a ined  by r e g u l a t i n g  the  t h r u s t  d i r e c t i o n  of 
the  p r o p u l s i o n  s y s t e m .  The  o p e r a t i o n  of a t h r u s t  v e c t o r  c o n t r o l  s y s t e m  
can  be  a c h i e v e d  by eng ine  g i m b a l i n g ,  je t  vane  d e f l e c t o r s ,  o r  by d i r e c t i n g  
s e c o n d a r y  flow into the  m a i n s t r e a m  f r o m  ou t l e t s  in the  wal l  d o w n s t r e a m  
of the  n o z z l e  t h r o a t  in o r d e r  to c r e a t e  a r e g i o n  of s e p a r a t e d  and d e f l e c t e d  
f low. T he  i n j e c t i o n  of s e c o n d a r y  flow into t he  m a i n s t r e a m  to c o n t r o l  t he  
t h r u s t  v e c t o r  of a p r o p u l s i o n  s y s t e m  has  b e e n  i n v e s t i g a t e d  by v a r i o u s  a i r -  
c r a f t  c o m p a n i e s  and r e s e a r c h  o r g a n i z a t i o n s ;  fo r  e x a m p l e ,  s e e  1Refs. 7, 8, 
and 9. 

As po in ted  out by H. A r n z e n  (Ref.  10) a l a t e r a l  j e t  could  be u s e d  in 
c o m b i n a t i o n  wi th  c o n v e n t i o n a l  a e r o d y n a m i c  c o n t r o l s  to p r o v i d e  an "a l l  
a l t i t u d e "  c o n t r o l  s y s t e m  for  n o n - o r b i t a l  and r e - e n t r y  v e h i c l e s .  S ince  
c o n v e n t i o n a l  c o n t r o l  s y s t e m s  b e c o m e  i n a d e q u a t e  at the  h i g h e r  a l t i t udes  
above  the  f l ight  c o r r i d o r  due to l o w e r  d y n a m i c  p r e s s u r e s  ( s e e  F ig .  1), a 
c o n t r o l  s y s t e m  w h i c h  is not  d e p e n d e n t  on the  e x i s t e n c e  of s o m e  f in i te  
d y n a m i c  p r e s s u r e  is  r e q u i r e d .  One s o l u t i o n  to th i s  p r o b l e m  has  b e e n  
found by us ing  l a t e r a l  r e a c t i o n  j e t s  to c o n t r o l  the  a t t i tude  of the  "a l l  a l t i -  
t ude"  v e h i c l e .  As a r e s u l t  of pas t  i n v e s t i g a t i o n s ,  it a p p e a r s  that  r e a c t i o n  
c o n t r o l s  s i m i l a r  to t h o s e  on the  X-15 ,  wh ich  func t ion  a d e q u a t e l y  in n e a r  
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v a c u u m  space ,  wi l l  g e n e r a t e  l a r g e r  con t ro l  f o r c e s  fo r  a g iven  je t  m o m e n -  
t u m  at l o w e r  a l t i t udes  b e c a u s e  of l a t e r a l  je t  i n t e r a c t i o n s  wi th  the  b o u n d a r y  
l a y e r  and loca l  f low f ie ld .  

Depend ing  on the  j e t  s t r e n g t h ,  the  l o c a t i o n  of the  j e t s  on the  v e h i c l e ,  
the  s t a t e  of the  b o u n d a r y  l a y e r ,  and the  f r e e - s t r e a m  Mach n u m b e r ,  
e x p e r i m e n t a l  e v i d e n c e  and t h e o r e t i c a l  so lu t i ons  of the f o r c e s  p r o d u c e d  
by the  i n t e r f e r e n c e  of j e t  flow wi th  the  b o u n d a r y  l a y e r  and e n v e l o p i n g  
s u p e r s o n i c  f r e e  s t r e a m  have  shown that  the  ne t  r e s u l t i n g  f o r c e s  a r e  
m a n y  t i m e s  l a r g e r  than  the  r e a c t i o n  f o r c e  of the  i s o l a t e d  je t  in a v a c u u m  
e n v i r o n m e n t .  A few t e s t  p r o g r a m s  have  i n c l u d e d  s o m e  bas i c  i n f o r m a -  
t ion  about  the  f o r c e s  g e n e r a t e d  by l a t e r a l  j e t s .  T e s t s  w e r e  conduc t ed  
in  the  $5 wind tunne l  of O. N. E. R . A .  at Mach  n u m b e r  1 .94  to e v a l u a t e  
the  loads  g e n e r a t e d  by a i r  at n e a r  son i c  v e l o c i t y  i s s u i n g  f r o m  s i n g l e  and 
m u l t i p l e  c i r c u l a r  n o z z l e s  and s i n g l e  s lo t s  m o u n t e d  in the  t unne l  f loo r .  
P a r t  of th is  p r o g r a m  inc luded  a c o m p a r i s o n  of je t  s p o i l e r  with a p la in  
v e r t i c a l  s p o i l e r ,  and t h e s e  r e s u l t s  a r e  p r e s e n t e d  in Ref.  6 (pp. 63-65) .  
As po in t ed  out by Ph.  P o i s s o n - Q u i n t o n  and L. L e p a g e  in Ref.  6, a c o m -  
p a r i s o n  of the  p o w e r  r e q u i r e d  to o v e r c o m e  the  d r a g  of a p la in  s p o i l e r  
wi th  the  p o w e r  r e q u i r e d  to supp ly  c o m p r e s s e d  a i r  to the  j e t  s p o i l e r  i nd i -  
c a t ed  tha t  the  a i r  j e t  s p o i l e r  was  m o r e  e f f ec t i ve .  

The  i n f l u e n c e  of h igh  p r e s s u r e  a i r  i s s u i n g  in the  s p a n w i s e  d i r e c t i o n  
be low a wing and n o r m a l  to a Mach  n u m b e r  2 f r e e  s t r e a m  was i n v e s t i -  
ga t ed  by F a l a n g a  and J a n o s  (Ref.  11). Add i t i ona l  t e s t s  w e r e  conduc t ed  
by J a n o s  (Ref.  12) at Mach  n u m b e r  2 to m e a s u r e  the  p r e s s u r e  l oad ing  
and f o r c e s  p r o d u c e d  by a l a t e r a l  j e t  f r o m  an unswep t  f lat  p la te .  As in 
the  c a s e  of the  o t h e r  i n v e s t i g a t i o n s ,  t h e s e  r e s u l t s  i n d i c a t e d  tha t  the  r a t i o  
of the  i n t e r a c t i o n  f o r c e  to j e t  r e a c t i o n  f o r c e  i n c r e a s e d  with d e c r e a s i n g  
j e t  p r e s s u r e  r a t io  (pj/p®). The  eva lua t ion  of the  p r e s s u r e  d i s t r i b u t i o n s  
i n d i c a t e d  that  the  son ic  n o z z l e s  wi th  j e t  exi t  Mach  n u m b e r  up to 1.7 
g e n e r a t e d  l a r g e r  loads  than  the  j e t  f r o m  p a r t i a l l y  c o n t o u r e d  s u p e r s o n i c  
n o z z l e s  (nozz l e  exi t  ang le  > 0). The  e f fec t  of a l a t e r a l  je t  f r o m  son ic ,  
con ica l ,  and s h a r p  edge  o r i f i c e s  m o u n t e d  in a f la t  p la te  w e r e  s t u d i e d  at 
Mach  n u m b e r s  3 .69 and 3.85 by A m i c k  and Hays (Ref.  13). I n c l u d e d  in 
the  a n a l y s i s  of Ref.  13 is an e m p e r i c a l  r e l a t i o n s h i p  b e t w e e n  the  r a t i o  of 
the  i n t e r a c t i o n  f o r c e  to the  j e t  r e a c t i o n  f o r c e  as a func t ion  of the  m o d e l  
g e o m e t r y  and j e t  p r e s s u r e  r a t i o .  An i n v e s t i g a t i o n  was m a d e  by Cubbison ,  
A n d e r s o n ,  and W a r d  (Ref.  14) to d e t e r m i n e  the  loads  g e n e r a t e d  by a son ic  
l a t e r a l  j e t  f r o m  the  flat  s u r f a c e  of an a r r o w - s h a p e d  m o d e l  (Mach n u m -  
b e r s  2 .92 ,  3 .92,  4 .84 ,  and 6 .4) .  

T h e  i n f l uence  of the  c h a r a c t e r  of the  b o u n d a r y  l a y e r  on the  l oad ing  
g e n e r a t e d  by a l a t e r a l  t w o - d i m e n s i o n a l  son ic  j e t  f r o m  a f lat  p la te  at 
Mach  n u m b e r  6 was  e v a l u a t e d  f r o m  p r e s s u r e  r e s u l t s  ob ta ined  by R o m e o  
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and S t e r r e t t  (Ref.  15). As in the  c a s e  of the  r e s u l t s  p r e s e n t e d  in Ref .  6, 
t h e s e  r e s u l t s  i n d i c a t e  that  t w o - d i m e n s i o n a l  son ic  a i r  j e t  b e h a v e d  l i k e  a 
p l a in  s p o i l e r  o r  f o r w a r d  fac ing  s t ep .  

S e v e r a l  t e s t s  have  b e e n  c o n d u c t e d  wi th  l a t e r a l  a i r  j e t s  f r o m  b o d i e s  
of  r e v o l u t i o n .  P r e s s u r e  m e a s u r e m e n t s  w e r e  m a d e  at Mach  n u m b e r  1 .9  
wi th  a l a t e r a l  j e t  f r o m  a c i r c u l a r  ( son ic )  n o z z l e  and a c o n i c a l  s u p e r s o n i c  
n o z z l e  m o u n t e d  in the  c y l i n d r i c a l  s e c t i o n  of a 10-dog c o n e - c y l i n d e r  by 
M o r k o v i n ,  P i e r c e ,  and C r a v e n  (Ref.  16). As a r e s u l t  of t he  flow f i e ld  
g e n e r a t e d  by the  l a t e r a l  j e t  l o c a t e d  1 .8  body d i a m e t e r s  f r o m  the  m o d e l  
ba se ,  the  ne t  s i d e  f o r c e  was  l e s s  than  the  i s o l a t e d  j e t  r e a c t i o n  f o r c e .  It 
was  a l s o  no t ed  in Ref .  16 tha t  t he  change  in ang le  of a t t ack  f r o m  0 to 
14 dog wi th  the  n o z z l e  j e t  on the  l e e  s i d e  of the  m o d e l  d id  not  a l t e r  the  
b a s i c  j e t  i n t e r a c t i o n  flow r e s u l t s .  

A d d i t i o n a l  t e s t s  have  b e e n  c o n d u c t e d  at s u p e r s o n i c  s p e e d s  on n i n e -  
c a l i b e r  t a ngen t  og ives  hav ing  v a r i o u s  b a s e  d i a m e t e r s ,  m o d e l  l e n g t h s ,  
n o z z l e  c o n f i g u r a t i o n s ,  and j e t  n o z z l e  ax ia l  l o c a t i o n s  on the  m o d e l .  
Vinson ,  A m i c k ,  and L i e p m a n  (Ref.  17) c o n d u c t e d  t e s t s  at Mach  n u m -  
b e r s  2 .8  and 3 .9  on a t h r e e - c a l i b e r  og ive .  The  m o d e l  b a s e  d i a m e t e r  
was  2 i n . ,  and the  l a t e r a l  j e t  n o z z l e  was  a s t r a i g h t - w a l l e d ,  c i r c u l a r  
n o z z l e  l o c a t e d  at v a r i o u s  d i s t a n c e s  f r o m  the  m o d e l  b a s e .  The  i n f l u e n c e  
of ang le  of a t t ack  and c h a r a c t e r  of the  b o u n d a r y  l a y e r  a p p r o a c h i n g  the  
j e t  on t h e  f o r c e  p r o d u c e d  by the  i n t e r a c t i o n  of the  j e t  wi th  the  a p p r o a c h -  
ing f r e e  s t r e a m  and b o u n d a r y  l a y e r  was  e v a l u a t e d  f r o m  i n t e r n a l  s t r a i n -  
gage  b a l a n c e  m e a s u r e m e n t s .  T h e s e  r e s u l t s  i n d i c a t e d  that  the  s t a t e  of 
t he  b o u n d a r y  l a y e r  had a n e g l i g i b l e  e f fec t  on the  j e t  i n t e r a c t i o n  f o r c e .  
S i m i l a r  f o r c e  m e a s u r e m e n t s  w e r e  m a d e  at Mach  n u m b e r  3 .99  by A m i c k  
and Hays  (Ref.  13) wi th  a 1 . 5 - i n .  b a s e  d i am,  n i n e - c a l i b e r  ogive  con -  
t a i n i n g  s i m i l a r  son i c  n o z z l e s  l o c a t e d  0 .5  and 2 .5  body d i a m e t e r s  f r o m  
the  m o d e l  b a s e .  In g e n e r a l ,  t h e s e  r e s u l t s  i n d i c a t e d  tha t  the  r a t i o  of 
i n t e r a c t i o n  f o r c e  to j e t  r e a c t i o n  f o r c e  i n c r e a s e d  as the  j e t  n o z z l e  was  
m o v e d  t o w a r d  the  m o d e l  b a s e  and as the  j e t  m o m e n t u m  was d e c r e a s e d .  

T h e  add i t i on  of f ins  to a 2- in .  b a s e  d i am,  n i n e - c a l i b e r  og ive  hav ing  
a l a t e r a l  j e t  was  i n v e s t i g a t e d  by C a r v a l h o  and Hays (Ref.  18) at Mach  
n u m b e r  3 .97 .  In th i s  i n v e s t i g a t i o n ,  son ic  and s u p e r s o n i c  c o n i c a l  a i r  j e t  
n o z z l e s  of v a r i o u s  t h r o a t  d i a m e t e r s  w e r e  l o c a t e d  at s e v e r a l  m o d e l  
s t a t i o n s  a h e a d  of the  m o d e l  b a s e .  With the  s a m e  je t  m a s s  flow i s s u i n g  
f r o m  the  s o n i c  and s u p e r s o n i c  n o z z l e s  the  r a t io  of the  i n t e r a c t i o n  f o r c e  
to  j e t  r e a c t i o n  f o r c e  was  equa l  to, o r  in s o m e  c a s e s ,  l a r g e r  f o r  the  son i c  
n o z z l e  c o n f i g u r a t i o n s .  The  add i t i on  of f ins  to the  body in the  a r e a  c o n -  
t a i n i n g  the  l a t e r a l  j e t  i n c r e a s e d  the  net  s ide  f o r c e  p r o d u c e d  by the  i e t .  
In g e n e r a l ,  t h e s e  r e s u l t s  i n d i c a t e d  that  the  n o z z l e  c o n f i g u r a t i o n  of the  
je t ,  the  ax ia l  l o c a t i o n  of t he  je t ,  the  s u r r o u n d i n g s  of the  je t ,  and the  
c h a r a c t e r  of t he  b o u n d a r y  l a y e r  on the  body of r e v o l u t i o n  play an 
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impor tan t  ro le  in de t e rmin ing  the magni tude  of the i n t e r ac t i on  fo rce  
produced  by the je t .  

A t h e o r e t i c a l  e s t i m a t e  of the i n t e r ac t i on  fo rce  g e n e r a t e d  by a two- 
d imens iona l  je t  was p roposed  by Vinson,  Amick,  and Le ipman  (Ref. 17). 
The je t  was a s s u m e d  to act  l ike a p la in  s p o i l e r  in the p r e s e n c e  of a 
boundary  l a y e r  with a he ight  equal to the product  of the je t  width pe r  
unit  span  and the a r e a  ra t io  (A/A*) based  on the je t  s t agna t ion  to f r e e -  
s t r e a m  s t a t i c  p r e s s u r e .  Thus the i n t e r a c t i o n  fo rce  r e p r e s e n t e d  the 
loading  which r e s u l t e d  f r o m  the s e p a r a t e d  boundary  l a y e r  produced  by 
the l a t e r a l  je t  d i s tu rbance .  

A v i sc id  type of weak je t  i n t e r a c t i o n  t h e o r y  was p r e s e n t e d  in Ref. 13 
by Amick  and Hays .  In th i s  case ,  the je t  was a s s u m e d  to be too weak to 
s e p a r a t e  the boundary  l a y e r ,  but an oblique .shock equal in s t r e n g t h  to 
the  r a t io  of pj/p® would be gene ra t ed .  

The t h e o r e t i c a l  inv i sc id  loading gene ra t ed  by the i n t e r a c t i o n  of a 
l a t e r a l  je t  f r o m  a c i r c u l a r  nozz le  into a s u p e r s o n i c  s t r e a m ' w a s  developed 
by C. F e r r a r i  (Ref. 19) u t i l i z ing  Newtonian app rox ima t ions .  As in the 
p rev ious  case ,  the a s s u m p t i o n  was made  tha t  the jet  s t r e a m  did not mix  
with the enveloping s u p e r s o n i c  s t r e a m ,  and it was a s s u m e d  that  the 
l a t e r a l  je t  gene ra t ed  a de tached  shock  which p a r t i a l l y  enc losed  the je t  
s t r e a m  tube.  The p r e s s u r e  loading a s s o c i a t e d  with the b o u n d a r y - l a y e r  
s e p a r a t i o n  (v iscous  effects)  gene ra t ed  by a l a t e r a l  je t  was neg lec ted  in 
the t h e o r e t i c a l  a n a l y s i s .  Another  i nv i sc id  a n a l y s i s  us ing the b l a s t  wave 
t h e o r y  has  been r e c e n t l y  developed by J .  E. Broadwal l  (Ref. 9). 

In genera l ,  the purpose  of the  p r e s e n t  p r o g r a m  is to p r e s e n t  r e s u l t s  
s i m i l a r  to those  d e s c r i b e d  over  a wide r  Mach n u m b e r  range  (M® = 2.99,  
3.98, and 5. 014 Reynolds  number  range  (Re X = 0.6  to 6 .0  x 106), and 
with a g r e a t e r  v a r i e t y  of sonic  jet  nozz le  conf igura t ions  (s ingle  and 
c i r c u l a r  o r i f i c e s  and s lo t s ) .  The  t e s t s  on a f iat  plate ,  a hollow cy l inde r ,  
and a n i n e - c a l i b e r  ogive conta in ing  l a t e r a l  sonic  je t s  were  t e s t ed  in the 

I l 
12-Inch Superson ic  Tunnel  ( E - l ) ,  yon K a r m a n  Gas Dynamics  F a c i l i t y  
(VKF), Arnold  E n g i n e e r i n g  Development  Cen t e r  (AEDC), Ai r  F o r c e  Sys -  
t e m s  Command (AFSC). T h e s e  r e s u l t s  a r e  compared  with va r ious  theo-  
r e t i c a l  and o the r  e x p e r i m e n t a l  r e s u l t s .  

2.0 EXPERIMENTAL APPARATUS AND TECHNIQUES 

2.1 WIND TUNNELS 

The 12-Inch Supe r son ic  Tunnel  (E - I )  (Fig.  2) is an i n t e r m i t t e n t ,  
v a r i a b l e  dens i ty  wind tunnel  with a manua l ly  adjus ted ,  f l e x i b l e - p l a t e -  
type nozz le .  The tunnel  ope ra t e s  at Mach number s  f rom 1.5 to 5 at 
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s t a g n a t i o n  p r e s s u r e s  f r o m  5 to 60 p s i a  and at s t a g n a t i o n  t e m p e r a t u r e s  
up to about  100°F. A d e s c r i p t i o n  of t he  t unne l  and i ts  c a l i b r a t i o n  is  
g i v e n  in Refs .  20 and 21. 

2.2 MODELS 

T h r e e  b a s i c  s t a i n l e s s  s t e e l  m o d e l s ,  c o n s i s t i n g  of an 8- by 15 .50- in .  
f la t  p la te ,  a 3 . 5 0 - i n .  - d i a m  ho l low c y l i n d e r ,  and a n i n e - c a l i b e r ,  
3 . 5 0 - i n .  - d i a m  t a n g e n t  ogive ,  w e r e  u s e d  in the  e x p e r i m e n t a l  p r o g r a m .  
Al l  m o d e l s  w e r e  s t r u t  m o u n t e d  off the  tunne l  f loo r  and i n s t r u m e n t e d  
wi th  0 .05  o u t s i d e  d i a m e t e r  p r e s s u r e  t aps .  Al l  m o d e l  s u r f a c e s  c o n t a i n -  
ing p r e s s u r e  t aps  w e r e  f i n i s h e d  to 20 m i c r o - i n c h e s  ( r m s ) .  

2.2.1 Plat Plate 

T h e  f la t  p l a t e  m o d e l  shown  in F ig .  3 was  i n s t r u m e n t e d  wi th  101 
s t a t i c  p r e s s u r e  t aps .  I n t e r c h a n g e a b l e  n o z z l e  b locks  c o n t a i n i n g  v a r i o u s  
s o n i c  n o z z l e  c o n f i g u r a t i o n s  ( s i ng l e  and m u l t i p l e  c i r c u l a r  n o z z l e s  and 
r e c t a n g u l a r  n o z z l e s  with v a r i a b l e  spans )  w e r e  t e s t e d  and a r e  a l so  l i s t e d  
in F ig .  3. The  " O " - r i n g  s e a l s  w e r e  f i t t ed  a r o u n d  the  n o z z l e  b l o c k  to 
p r e v e n t  h igh  p r e s s u r e  a i r  l e a k a g e .  The  o r i e n t a t i o n  of the  n o z z l e  b locks  
wi th  r e s p e c t  to the  f r e e - s t r e a m  flow is shown  in F i g s .  3 and 4. 

To m e a s u r e  the  ne t  i n t e r a c t i o n  l oads  g e n e r a t e d  by the  l a t e r a l  j e t s  
on the  f ia t  p la te ,  two m o m e n t  s t r a i n - g a g e  s e c t i o n s  w e r e  cut into the  
e x t e r i o r  s u r f a c e  of the  h i g h - p r e s s u r e  a i r  j e t  l i ne  ( s e e  F ig .  3) wh ich  was  
a l so  p a r t  of the  s u p p o r t  s t r u c t u r e  fo r  the  f lat  p la te .  The  gage  s e c t i o n s  
c o n s i s t e d  of d i a m e t r i c a l l y  o p p o s i t e  f la t  s u r f a c e s  at two axia l  p o s i t i o n s .  

Two to ta l  h e a d  r a k e s  w e r e  u s e d  in con junc t i on  wi th  the  f la t  p la te  
t e s t .  The  f i r s t  r a k e  was  a c o n v e n t i o n a l  b o u n d a r y - l a y e r  r a k e  wh ich  could  
be  m o v e d  to any m o d e l  s t a t i o n  f r o m  x = - 3 . 2 0  to 4 . 5 0  in. A s e c o n d  r a k e ,  
w h i c h  was  o v e r  four  i n c h e s  high,  was  u s e d  to m o n i t o r  the  pi tot  p r e s s u r e  
v a r i a t i o n s  in the  l a t e r a l  a i r  j e t  s t r e a m  at m o d e l  s t a t i o n  5 .25  in. ( s e e  
F ig .  4). 

2.2.2 Hollow Cy|inder 

An illustration of the hollow cylinder model is shown in Fig. 5. A 
0.50-in. outside diameter tube attached along the inner surface of the 
hollow cylinder supplied high pressure air to circular interchangeable 
nozzle blocks. The air jet nozzle opening was located on the ring oppo- 
site the split ring tabs, and a rubber "O-ring" seal was used to prevent 
air leakage around the split ring nozzle blocks. The nozzle configurations 

6 
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c o n s i s t e d  of a s i n g l e  0 . 2 5 - i n .  - d i a m  c i r c u l a r  n o z z l e  and a r e c t a n g u l a r  
n o z z l e  a l i g n e d  r a d i a l l y  wi th  c u r v a t u r e  l e n g t h s  of one  and t h r e e  i n c h e s  
and wid th  of 0 . 0 5 0  in.  The  ho l low c y l i n d e r  was  i n s t r u m e n t e d  wi th  
40 s t a t i c  p r e s s u r e  t a p s .  

2.2.30give 

T h e  f ron t  s e c t i o n  of  the  ho l low c y l i n d e r  w a s  d e t a c h a b l e  and  cou ld  be 
r e p l a c e d  wi th  a n i n e - c a l i b e r  t a n g e n t  og ive  n o s e  ( s e e  F i g .  5). In  the  
o g i v e - c y l i n d e r  c o n f i g u r a t i o n  a to ta l  of 41 p r e s s u r e  t aps  w e r e  u s e d ,  and 
the  a i r  j e t  n o z z l e  c o n f i g u r a t i o n s  w e r e  s i m i l a r  to t he  ones  u s e d  in the  
ho l low c y l i n d e r  t e s t s .  

2.3 INSTRUMENTATION AND PRECISION 

A r o t a r y  v a l v e  p r e s s u r e  s c a n n i n g  s y s t e m  u t i l i z i n g  1 - p s i d  and 
15 -ps id  t r a n s d u c e r s  was  u s e d  to m e a s u r e  the  m o d e l  s u r f a c e  p r e s s u r e s .  
A d d i t i o n a l  5 - p s i d  and 5 0 - p s i d  t r a n s d u c e r s  w e r e  u s e d  to m e a s u r e  t o t a l  
h e a d  r a k e  p r e s s u r e s .  Al l  t r a n s d u c e r  s y s t e m s  w e r e  r e f e r e n c e d  to e s s e n -  
t i a l l y  a v a c u u m  ( l e s s  t h a n  50 m i c r o n s  of m e r c u r y  in m o s t  c a s e s )  and 
w e r e  c a l i b r a t e d  to p r o v i d e  t h r e e  r a n g e s  fo r  e a c h  t r a n s d u c e r .  T h e  un -  
c e r t a i n t y  of the  p r e s s u r e  m e a s u r e m e n t s  was  not  m o r e  t han  ±0. 005 p s i a  
f o r  the  1 -p s id  t r a n s d u c e r  to ± 0 . 2 5 0  p s i a  fo r  the  5 0 - p s i d  t r a n s d u c e r .  

The  m o d e l  s u p p o r t  s y s t e m  fo r  the  f la t  p l a t e  was  g a g e d  as a t w o -  
c o m p o n e n t  m o m e n t  t ype  of b a l a n c e .  At the  u p s t r e a m  gage ,  the  m a x i -  
m u m  a l l o w a b l e  m o m e n t  was  1400 in.  - lb  and at  the  d o w n s t r e a m  gage ,  
2, 000 in.  - lb ,  w i th  an o v e r a l l  f o r c e  r e p e a t a b i l i t y  of ± 0 . 6  lb in the  a b s e n c e  
of any  z e r o  sh i f t s .  As a r e s u l t  of s o m e  gage  output  z e r o  r e a d i n g  sh i f t s ,  
t he  t e s t  r e s u l t s  w e r e  e v a l u a t e d  on the  b a s i s  of the  f a i r e d  c u r v e s  t h r o u g h  
the  gage  r e a d i n g s .  

S o m e  s h a d o w g r a p h  p i c t u r e s  w e r e  m a d e  of the  f la t  p l a t e ,  but  fo r  the  
m o s t  p a r t  f low p a t t e r n s  w e r e  r e c o r d e d  wi th  s c h l i e r e n  and f l u o r e s c e n t  
oi l  f low p i c t u r e s .  

3.0 TEST PROCEDURES AND CONDITIONS 

P r e l i m i n a r y  p r e s s u r e  t e s t s  w e r e  m a d e  to e v a l u a t e  the  p r o p e r t i e s  
of t h e  f low f i e l d  o v e r  the  f la t  p l a t e .  T h e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  
and  b o u n d a r y - l a y e r  t h i c k n e s s  o v e r  the  f la t  p l a t e  w e r e  m e a s u r e d  at  M a c h  
n u m b e r s  2 .99  and 3 .98  in the  R e y n o l d s  n u m b e r  r a n g e  of 106 to 107 b a s e d  
on the  l e n g t h  f r o m  the  m o d e l  l e a d i n g  edge  to the  b o u n d a r y - l a y e r  r a k e .  

7 
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The  fo l lowing  t a b l e s  con ta in  the  r a n g e  of je t  p r e s s u r e  r a t i o s  (pj /p=)  
c o v e r e d  fo r  each  m o d e l  n o z z l e  c o n f i g u r a t i o n  at e ach  M a t h  n u m b e r :  

JET PRESSURE RATIOS 

F l a t  P l a t e  

Nozz le  Conf igu ra t i on  Pj/p® Range  

C i r c u l a r  R e c t a n g u l a r  At F r e e - S t r e a m  Mach  N u m b e r  

d j, in. 

250 

125 

131 

057 

I 

028 

e / d j  .e/d.. i 

o 

-12 

6 

3 

24 

17.5 

35 

53 

107 

Re X Range x 10 -6 

2.99  

1 0 ~ 7 3 0  

6 0 ~ 9 0 0  

470 

2 2 0 ~ 3 8 0  

10---120 

20 , 240  

10~360  

0 .5  
1.8 

3.98  

30~1590  

30~1740  

30~900  

30'----900 

70-,-500 

30~300  

25--,-470 

30- -470  

.30~1570 

5 ~ 8 8 0  

0.6 
1.8 
3.6 

5.01 

30-,-2000 

4 7 0 ~ 2 0 0 0  

480 

1O0 

45---470 

3 0 ~ 9 8 0  

2,2 

Hollow Cylinder 

Me = 3.98 

Nozzle Configuration pj/p= Range 

34 --950 single circular nozzle 
dj = 0.25 in. 

rectangular nozzle 
d 3 = O. 05 m., .e'/dj = 20 
dj = 0.05 in., -#/dj = 60 

34--200 
100--200 

R e x x  10 "6 2.1 and 3 .9  

N i n e - C a l i b e r  Ogive 

M= = 3.98 

Nozzle Configuration p,}/p® Range 

single circular nozzle 
dj = 0.25 in. 
dj = 0.25 in. with a boundary- 

layer trip on the ogive nose 

rectangular nozzle 
dj = 0.05 i n . ,  J~/dj = 60 

200-- 900 
200-- 900 

30--380 

Re x x 10 -6 3.2 and 6.1 
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4.0 RESULTS AND DISCUSSION 

4.1 SONIC NOZZLE CHARACTERISTICS 

As p a r t  of the  t e s t  p r o g r a m ,  the  r e l a t i o n s h i p  of the  je t  s t a g n a t i o n  
( p l e n u m  c h a m b e r )  p r e s s u r e  wi th  the  n o z z l e  j e t  r e a c t i o n  f o r c e  and wi th  
the  j e t  m a s s  f low w e r e  e x p e r i m e n t a l l y  e v a l u a t e d .  Two p r o c e d u r e s  w e r e  
u t i l i z ed ;  the  f i r s t  was  an e v a l u a t i o n  of the  n o z z l e  m a s s  f low d i s c h a r g e  
c o e f f i c i e n t .  At a g i v e n  n o z z l e  s t a g n a t i o n  p r e s s u r e  and t e m p e r a t u r e ,  the  
r a t e  of m a s s  d e c r e a s e  in a n i t r o g e n  c o n t a i n e r  was  c o m p a r e d  to the  i d e a l  
m a s s  f low r a t e  p a s s i n g  t h r o u g h  a son ic  n o z z l e  of a g i v e n  c r o s s - s e c t i o n a l  
a r e a .  The  s e c o n d  p r o c e d u r e  was  b a s e d  on the  r a t i o  of the  r e a c t i o n  f o r c e  
as  m e a s u r e d  by a m o m e n t  b a l a n c e  to the  i d e a l  r e a c t i o n  f o r c e  of a s o n i c  
n o z z l e .  

T h e s e  c a l i b r a t i o n  p r o c e d u r e s  a r e  b a s e d  on the a s s u m p t i o n  tha t  the  
exi t  Mach  n u m b e r s  (Mj) of the  s h a r p  edge  n o z z l e s  a r e  sonic°  but  tl~'e 
r e s u l t s  of Ref .  22 d e m o n s t r a t e d  tha t  the  ex i t  M a c h  n u m b e r  of s h a r p  edge  
n o z z l e s  ( c i r c u l a r  o r  r e c t a n g u l a r )  was  a func t ion  of the  n o z z l e  g e o m e t r y  
and was  s u p e r s o n i c  (Mj > 1). N e g l e c t i n g  the  fac t  tha t  the  n o z z l e  exi t  
M a c h  n u m b e r  was  a c t u a l l y  s u p e r s o n i c ,  the  j e t  m a s s  f lows ,  m o m e n t u m  
p a r a m e t e r s ,  and r e a c t i o n  f o r c e  v a l u e s  w e r e  e v a l u a t e d  as if  the  exi t  
M a c h  n u m b e r  w e r e  s o n i c .  Wi th in  t he  p r e c i s i o n  of the  c a l i b r a t i o n  p r o °  
c e d u r e s ,  the  d i s c h a r g e  c o e f f i c i e n t  a c c o u n t e d  fo r  the  e f f e c t i v e  a r e a  in the  
m a s s  f low c o m p u t a t i o n  and the  exi t  Mach  n u m b e r  in the  r e a c t i o n  f o r c e  
c o m p u t a t i o n .  F i g u r e  6 i n c l u d e s  F i g s .  9 and 10 of Ref .  22 and i l l u s t r a t e s  
the  f a v o r a b l e  a g r e e m e n t  of the  p r e s e n t  c a l i b r a t i o n  r e s u l t s  wi th  t h o s e  
obtained by Weir, York, and Morrison (Ref. 22). 

4.2 FLAT PLATE FLOW CHARACTERISTICS 

E x c e p t  fo r  the  p r e s s u r e  d i s t r i b u t i o n  p r o d u c e d  by the  v i s c o u s  i n t e r -  
a c t i o n  a s s o c i a t e d  wi th  the  l e a d i n g  edge  of a f la t  p l a t e  in s u p e r s o n i c  o r  
h y p e r s o n i c  f low, and in the  a b s e n c e  of any j e t  d i s t u r b a n c e ,  the  m a x i m u m  
d e v i a t i o n  in the  m o d e l  s u r f a c e  s t a t i c  p r e s s u r e  f r o m  the  c a l i b r a t e d  f r e e -  
s t r e a m  s t a t i c  p r e s s u r e  was  a p p r o x i m a t e l y  10 p e r c e n t .  The  m e a n  v a l u e  
of the  m o d e l  s t a t i c  p r e s s u r e  was  wi th in  5 p e r c e n t  of the  f r e e - s t r e a m  
s t a t i c  p r e s s u r e .  T h e  a n a l y s i s  of the  d i s t r i b u t i o n  of the  i n c r e m e n t a l  
p r e s s u r e  c h a n g e  g e n e r a t e d  by a l a t e r a l  j e t  o v e r  the  p la t e  was  r e f e r e n c e d  
to the  a c t u a l  p r e s s u r e  v a r i a t i o n  m e a s u r e d  on the  p l a t e  in the  a b s e n c e  of 
the  j e t .  

At M a c h  n u m b e r s  2 .99  and 3.98° the  b o u n d a r y - l a y e r  c h a r a c t e r i s t i c s  
w e r e  e v a l u a t e d  in the  r e g i o n  o c c u p i e d  by the  f ia t  p l a t e  a i r  j e t  n o z z l e  
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b locks .  E x a m p l e s  of the  v e l o c i t y  p r o f i l e s  ob ta ined  at Mach  n u m b e r s  2.99 
and 3 .98  and v a r i o u s  R e y n o l d s  n u m b e r s ,  0 . 8  in.  u p s t r e a m  and 3 .20  in.  
d o w n s t r e a m  of the  n o z z l e  block,  a r e  shown  in F i g .  7a. The  v a r i a t i o n  of 
the  f o r m  f a c t o r  6 * / e  wi th  the  R e y n o l d s  n u m b e r  b a s e d  on the. b o u n d a r y -  
l a y e r  r a k e  l o c a t i o n  r e l a t i v e  to the  f ia t  p l a t e  l e a d i n g  edge i s  shown  in 
F ig .  7b B a s e d  on the  r e s u l t s  in  F ig .  7 and the  b a l a n c e  of the  b o u n d a r y -  
l a y e r  r a k e  r e s u l t s ,  the  b o u n d a r y  l a y e r  was  t u r b u l e n t  at  an Re L > 4 x 106 
at  M a c h  n u m b e r  2 .99  and p o s s i b l y  at  an  R e L  of 5 x 106 at  M a c h  n u m -  
b e r  3 .98 .  As  shown  in F ig .  7, a good c o r r e l a t i o n  e x i s t e d  b e t w e e n  
T u c k e r ' s  t u r b u l e n t  b o u n d a r y - l a y e r  f o r m  f a c t o r s  of Ref .  23 and the  
p r e s e n t  M a c h  n u m b e r  2 .99  r e s u l t s  in  the  R e y n o l d s  n u m b e r  r a n g e  above 
4 x 106. At a R e y n o l d s  n u m b e r  l e s s  than  106 at  both M a c h  n u m b e r s ,  the  
f o r m  f a c t o r s  a p p r o a c h  the t h e o r e t i c a l  l a m i n a r  v a l u e s  p r e d i c t e d  by M a c k  
(Ref .  24). B a s e d  on the  o b s e r v a t i o n  d u r i n g  the  p r o g r e s s  of the  e x p e r i -  
m e n t a l  i n v e s t i g a t i o n ,  the  b o u n d a r y  l a y e r  at M a c h  n u m b e r  5 .01  was  
p r i m a r i l y  l a m i n a r .  

4.3 THE LATERAL JET FLOW FIELD 

4.3.1 Influence on the/dodel Surface 

A g e n e r a l  d e s c r i p t i o n  of the  f low f ie ld  g e n e r a t e d  by a t w o - d i m e n s i o n a l  
l a t e r a l  j e t  is  i l l u s t r a t e d  in F ig .  8. In  m a n y  w a y s ,  a j e t  a c t s  l i ke  a 
v e r t i c a l  s p o i l e r  o r  s t ep ,  i n s o f a r  as  be ing  a n o t h e r  m e c h a n i s m  wh ich  
c a u s e s  b o u n d a r y - l a y e r  s e p a r a t i o n .  The  s e p a r a t i o n  p r o d u c e s  a l oca l  
c h a n g e  in  the  f low d i r e c t i o n ,  wh ich  g e n e r a t e s  an ob l ique  s h o c k  and a r i s e  
in  the  p r e s s u r e  in  the  r e g i o n  of s e p a r a t i o n .  As in  the  c a s e  of s p o i l e r s ,  
t he  l e n g t h  of s e p a r a t i o n  and the  p l a t e a u  p r e s s u r e  l e v e l  a r e  i n f l u e n c e d  by 
the  s t a t e  of the  b o u n d a r y  l a y e r  and i t s  s e p a r a t i o n ;  t ha t  i s ,  w h e t h e r  i t  was  
a l a m i n a r ,  t r a n s i t i o n a l ,  o r  a t u r b u l e n t  b o u n d a r y - l a y e r  s e p a r a t i o n  ( s ee  
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laminar ~ I D, sturbance 

Bouadmry-Layer~ A 
SelNI.rati ne 

Fig. a). 

PLi teau  ~ ' ~  e 

Transit ional  ' B Rat io  ~ I ' A 
Boundary- l a y e r  / 
Separation 4 " - ~  ~ 

Disturbance 

Turbulent "~ -" 
BoundLry-L~yer  ~ J C 
k l ~ r & t i o n  

Fig. a Boundary-Layer Separation 
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Depend ing  on the r a t i o  of the  j e t  s t a g n a t i o n  p r e s s u r e  to the  q u i e s c e n t  
a i r  p r e s s u r e ,  a son ic  je t  p r o d u c e d  a s l i g h t l y  c u r v e d  shock ,  n o r m s /  to the  
u n d e r - e x p a n d e d  j e t  s t r e a m  at  a g iven  d i s t a n c e  f r o m  the  nozz l e  ex i t .  In 
the  c a s e  of a c i r c u l a r  nozz le ,  t h i s  c u r v e d  s h o c k  is  u s u a l l y  r e f e r r e d  to as  
a Mach  d i s c .  L a t e r a l  m o t i o n  of a p l a n a r  s u r f a c e  con t a in ing  a j e t  or ,  in 
the  p r e s e n t  c a se ,  a l a t e r a l  j e t  on a f la t  p l a t e  in  a s u p e r s o n i c  s t r e a m ,  
p r o d u c e d  a s i m i l a r l y  d i s p l a c e d  c u r v e d  " j e t "  s h o c k  but  s h i f t e d  s l i g h t l y  
d o w n s t r e a m  f r o m  i t s  p o s i t i o n  in q u i e s c e n t  a i r .  Of c o u r s e ,  an a d d i t i o n a l  
s h o c k  was  g e n e r a t e d  by the  i n t e r f e r e n c e  be tween  the  j e t  s t r e a m  and the  
s u p e r s o n i c  f r e e  s t r e a m ,  and th i s  is  h e r e i n  r e f e r r e d  to as  the  " j e t  f r e e -  
s t r e a m  i n t e r a c t i o n "  shock .  

The  l o c a l  f low i n c l o s e d  by the  s e p a r a t e d  b o u n d a r y  l a y e r ,  the  je t ,  
and the  mode l  s u r f a c e  c o n t a i n e d  two e x p e r i m e n t a l l y  o b s e r v e d  r e g i o n s  of 
c i r c u l a t i o n  ( see  F i g s .  8 and 9). B o u n d a r y - l a y e r  s e p a r a t i o n  p r o d u c e d  
the  l a r g e r  r e g i o n  of c i r c u l a t i o n ,  but  at l e a s t  one add i t i ona l  r e g i o n  of 
c i r c u l a t i o n  e x i s t e d  i m m e d i a t e l y  a h e a d  of the  j e t .  F low in th i s  r e g i o n  
a p p e a r e d  to r o t a t e  in the  oppos i t e  d i r e c t i o n  to the  b o u n d a r y = l a y e r  s e p a r a -  
t ion  c i r c u l a t i o n .  T h e s e  c i r c u l a t i o n  d i r e c t i o n s  w e r e  b a s e d  on the  c o m -  
b ined  e v a l u a t i o n s  of oi l  f low, s h a d o w g r a p h ,  and s c h l i e r e n  p i c t u r e s .  

D i r e c t l y  d o w n s t r e a m  of the  j e t  ( r e c t a n g u l a r  or  c i r c u l a r )  nozz l e ,  a 
f i e l d  of low p r e s s u r e s  (p << p®) was  g e n e r a t e d  in a n o t h e r  r e g i o n  of c i r c u -  
l a t i o n  wh ich  was  m a i n t a i n e d  by the  d o w n s t r e a m  p o r t i o n  of the  a i r  j e t  
s t r e a m .  B a s e d  on the  oi l  f low p i c t o r i a l  ev idence ,  the  c i r c u l a t i o n  i m m e -  
d i a t e l y  u p s t r e a m  of the  n o z z l e  was  s t r o n g e r  than  the  d o w n s t r e a m  c i r c u  = 
l a t ion ;  tha t  i s ,  the  oi l  did not f low as  r a p i d l y  o r  did not  move  a t  a l l  in  
the  r e g i o n  i m m e d i a t e l y  aft of the  nozz l e .  The  r e l a t i o n s h i p  be tween  the  
oi l  f low f i e ld  o v e r  the  p l a t e  and the  p r i m a r y  p r e s s u r e  r i d g e s  and v a l l e y s  
i s  s u m m a r i z e d  s c h e m a t i c a l l y  in F ig .  9. 

S a m p l e s  of the  oi l  f low p i c t o r i a l  r e s u l t s  wi th  the  c o r r e s p o n d i n g  
s c h l i e r e n  p h o t o g r a p h s  of the  t y p i c a l  f low f i e ld  g e n e r a t e d  by v a r i o u s  n o z -  
z le  j e t  c o n f i g u r a t i o n s  a r e  p r e s e n t e d  in F ig .  10. S u p e r i m p o s e d  on the  o i l  
f low p h o t o g r a p h s  a r e  the  c o r r e s p o n d i n g  i s o b a r s  in the  f o r m  of a p r e s s u r e  
r a t i o ,  p/p®. The  b o u n d a r y - l a y e r  s e p a r a t i o n  l o c a t i o n s  ob ta ined  f r o m  the  
oi l  f low and s c h l i e r e n  p i c t u r e s  a g r e e d .  

A successive comparison of Figs. lOa through d will illustrate the 
influence of nozzle configuration on the flow field as a change was made 
from a single-circular to multiple-circular nozzle and finally a rectang- 
ular nozzle (slot). Also the flow field and pressure distribution produced 
by a jet from a slot was compared to a 1/2-in. high spoiler in Fig. 11. 
Except for the absence of a compression wave (jet shock) produced by an 
under-expanded sonic nozzle, the flow field (as shown in Fig. 11) of the 
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s o l i d  s p o i l e r  was  s i m i l a r  to the  a i r  j e t  d i s t u r b a n c e .  T h e  i s o b a r s  
( p / p .  = cons t an t )  u p s t r e a m  of the  s p o i l e r  w e r e  s h a p e d  s i m i l a r l y  to t h o s e  
r e s u l t i n g  f r o m  the  a i r  j e t .  A l though  the  d i s t u r b a n c e  g e n e r a t e d  by the  
l a t e r a l  j e t  was  w e a k e r  o r  p r o d u c e d  a s m a l l e r  flow de f l ec t i on ,  the  i n t e -  
g r a t e d  l o c a l  load  and l o c a t i o n  of the  c e n t e r  p r e s s u r e  of the  l oad ing  p r o -  
duced  by the  a i r  j e t  and p l a i n  s p o i l e r  a r e  in r e a s o n a b l e  a g r e e m e n t .  
T h i s  c o m p a r i s o n ,  wh ich  was  s i m i l a r  to the  one d e s c r i b e d  in Ref.  6, 
s u g g e s t s  t ha t  a c o r r e l a t i o n  be tw een  s p o i l e r s  o r  s t e p s  and a i r  j e t s  e x i s t s .  
One b a s i c  d i f f e r e n c e  b e t w e e n  a j e t  and s p o i l e r  is  t ha t  an a i r  j e t  does  not  
p r o d u c e  any  p r e s s u r e  d r a g  wh ich  would be t r a n s m i t t e d  to the  p l a t e .  

An e x a m p l e  of the  R e y n o l d s  n u m b e r  and j e t  p r e s s u r e  r a t i o ,  pj /p®, 
e f f e c t s  on the  flow f ie ld  and on the  f l a t  p l a t e  p r e s s u r e  d i s t r i b u t i o n  p r o -  
duced  by a s o n i c  j e t  f r o m  a s l o t  (0. 028 by 3 in.  ) in a M a c h  n u m b e r  3.98 
f r e e  s t r e a m  is shown  in F ig .  12. F o r  a g iven  j e t  p r e s s u r e  r a t i o ,  
doub l ing  the  R e y n o l d s  n u m b e r  a l t e r e d  the l o c a l  f low p r o p e r t i e s  ( see  
F i g s .  12a and b), but  the  ne t  i n t e r a c t i o n  load  ahead  of the  a i r  j e t  n o z z l e  
( F N o / q ~ )  was  only  s l i g h t l y  a f f ec t ed  ( a p p r o x i m a t e l y  a 9 p e r c e n t  change) .  
H e r e i n ,  the  " i n t e r a c t i o n  load"  r e f e r s  to t ha t  f o r c e  p r o d u c e d  by the  i n t e r -  
a c t i on  of the  j e t  wi th  a p p r o a c h i n g  b o u n d a r y - l a y e r  and f r e e - s t r e a m  flow 
and does  not  i nc lude  the  r e a c t i o n  f o r c e  of the  je t .  

At two f r e e - s t r e a m  R e y n o l d s  n u m b e r s ,  the  i n f l u e n c e  of the  j e t  
p r e s s u r e  r a t i o  on the  f low p r o p e r t i e s  o v e r  a f i a t  p l a t e  is  i l l u s t r a t e d  in  
F i g s .  12b and c and a and d. As the  j e t  p r e s s u r e  r a t i o  i n c r e a s e d ,  the  
l o c a t i o n  of the  p e a k  in the  p r e s s u r e  d i s t r i b u t i o n  and the  roo t  of the  j e t  
f r e e - s t r e a m  i n t e r a c t i o n  s h o c k  m o v e d  t o g e t h e r  ups t r ea r r l  a w a y  f r o m  the  
j e t .  Doubl ing  the  j e t  p r e s s u r e  and, in t h i s  c a s e ,  the  j e t  m o m e n t u m  did 
not  double  the  i n t e r a c t i o n  f o r c e .  Thus ,  the  r a t i o  of the  i n t e r a c t i o n  
f o r c e  a h e a d  of the  n o z z l e  (FNo) to t he  j e t  r e a c t i o n  f o r c e  (Fj)  d e c r e a s e d  
wi th  i n c r e a s i n g  j e t  p r e s s u r e  r a t i o  wi th  t h e s e  p a r t i c u l a r  f low c o n d i t i o n s  
and m o d e l  g e o m e t r y .  Wi th  r e s p e c t  to t h e s e  t e s t  r e s u l t s ,  the  c h a r a c t e r -  
i s t i c  low p r e s s u r e  f i e ld  aft  of the  r e c t a n g u l a r  s o n i c  n o z z l e  had a s p a n  
about  equa l  to the  n o z z l e  span .  

A s u m m a r y  of the  v i s u a l  e v i d e n c e  of the  flow f ie ld  g e n e r a t e d  by a 
l a t e r a l  j e t  is  p r e s e n t e d  in F i g s .  13 and 14. T h e s e  f i g u r e s  r e p r e s e n t  
the  v a r i a t i o n  of the  po in t  of b o u n d a r y - l a y e r  s e p a r a t i o n  wi th  the  R e y n o l d s  
n u m b e r  at  M a c h  n u m b e r  3 .98  for  v a r i o u s  n o z z l e  c o n f i g u r a t i o n s .  In -  
c r e a s i n g  the  R e y n o l d s  n u m b e r  r e s u l t e d  in s h i f t i n g  the point  of s e p a r a -  
t i on  t o w a r d  the  j e t  n o z z l e  ( s ee  F ig .  13). At a g iven  R e y n o l d s  n u m b e r  
and fo r  a g iven  j e t  m o m e n t u m  Ca func t ion  of the  p r o d u c t  of the  c r o s s -  
s e c t i o n a l  a r e a  of the  j e t  n o z z l e  and the  j e t  p r e s s u r e  r a t io ) ,  the  l eng th  
of s e p a r a t i o n  r e l a t i v e  to the  n o z z l e  was  g r e a t e r  fo r  the  s m a l l e r  c i r c u l a r  
n o z z l e  than  the  l a r g e r  one,  but l e s s  than  the  s e p a r a t i o n  l eng th  g e n e r a t e d  
by a r e c t a n g u l a r  n o z z l e .  
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F i g u r e  14 i l l u s t r a t e s  the  i n t e r d e p e n d e n c e  of the  je t  p r e s s u r e  r a t i o  
and the  "ho le  d e n s i t y "  of a l a t e r a l  j e t  on the  l eng th  of the  s e p a r a t e d  
b o u n d a r y  l a y e r .  I n c r e a s i n g  the  c i r c u l a r  nozz l e  d e n s i t y  p r o d u c e d  a con -  
s i s t e n t  i n c r e a s e  in  the  l eng th  of s e p a r a t i o n .  

4.3.2 Lateral Jet Wake Flow Field 

T y p i c a l  s c h l i e r e n  p i c t u r e s  and p i to t  p r e s s u r e  m e a s u r e m e n t s  down-  
s t r e a m  of and in the  l a t e r a l  j e t  a r e  p r e s e n t e d  in F i g s .  15 and 16. T h e  
t o t a l  h e a d  r a k e  was  l o c a t e d  5 .2  in. aft  of the  j e t  nozz l e .  In s o m e  p i c t u r e s  
(15a fo r  e x a m p l e )  a d i s t u r b a n c e  c r e a t e d  by  r o u g h n e s s  in  the m o d e l  s i d e  
p l a t e s  has  b e e n  l a b e l e d  and was  s u b s e q u e n t l y  r e m o v e d .  T h e s e  s i d e  d i s -  
t u r b a n c e s  had  no m e a s u r a b l e  e f fec t  on the p r e s s u r e  r e s u l t s .  

The  in f luence  of R e y n o l d s  n u m b e r  on the  j e t  wake  did not  a p p e a r  to 
be s i g n i f i c a n t  ( see  F ig .  15a), but i n c r e a s i n g  the  Mach  n u m b e r  and j e t  
p r e s s u r e  r a t i o  t ended  to i n c r e a s e  the  p i to t  p r e s s u r e  g r a d i e n t  in  the  j e t  
s t r e a m  ( c o m p a r e  F ig .  15b wi th  c). As expec ted ,  the  j e t  p e n e t r a t i o n  i n -  
c r e a s e d  wi th  the  j e t  m o m e n t u m  and d e c r e a s i n g  M a c h  n u m b e r .  

In s o m e  c a s e s ,  s t r o n g  j e t s  w e r e  g e n e r a t e d  which  d i s t o r t e d  the  
e n t i r e  f i a t  p l a t e  l e a d i n g  edge s h o c k  ( see  F ig .  15d and f). U n d e r  t h e s e  
cond i t i ons  and b a s e d  on the  r e s u l t s  ob ta ined  wi th  w e a k e r  j e t s ,  the  i n t e r -  
a c t i on  f o r c e  was  u s u a l l y  h i g h e r  than  the  a n t i c i p a t e d  va lue .  Of c o u r s e  
the  p l a t e  s p a n  (8 in. ) would a l s o  have  an  e f fec t  on the c o r r e l a t i o n  of the  
i n t e r a c t i o n  fo rce ,  but  the  s p a n  s i z e  did not have  as  s t r o n g  an  i n f l u e n c e  
on the  i n t e r a c t i o n  load  c o r r e l a t i o n  as  the  l eng th  of the  p l a t e  ahead  of the  
j e t  n o z z l e .  

A c o m p a r i s o n  of the  s c h l i e r e n  p i c t u r e s  t a k e n  at  f r e e - s t r e a m  R e y n -  
o lds  n u m b e r  (Rex )  of 0 .5  x 106 wi th  one at  1 .7  x 106 in F ig .  I5a  i l l u s -  
t r a t e s  a c o m p a r i s o n  of a l a m i n a r  wi th  a t r a n s i t i o n a l l y  s e p a r a t e d  b o u n d a r y  
l a y e r .  The  b e s t  e x a m p l e  of the  p i c t u r e s  p r e s e n t e d  h e r e i n  of a t u r b u l e n t -  
s e p a r a t e d  b o u n d a r y  l a y e r  is  shown  in F ig .  15b for  pj/p® = 29. T h i s  
e x a m p l e  is  a m a r g i n a l  c a s e  b e c a u s e  the  b o u n d a r y  l a y e r  at  the  o r i g i n  of 
s e p a r a t i o n  was  s t i l l  l a m i n a r ,  but the  b a l a n c e  of the  r e g i o n  of s e p a r a t i o n  
was  t u r b u l e n t .  The  s e p a r a t i o n s  shown in F i g s .  11, 15c, d, and f a r e  
i n d i c a t i v e  of t r a n s i t i o n a l  b o u n d a r y - l a y e r  s e p a r a t i o n s ,  w h e r e a s  F i g s .  10a, b, 
15e, and 16b a r e  r e p r e s e n t a t i v e  of l a m i n a r  s e p a r a t i o n s .  

4.4 PRESSURE DISTRIBUTIOHS AND MOMENT LOADING 

The  in f luence  of j e t  n o z z l e  con f igu ra t i on ,  R e y n o l d s  n u m b e r ,  j e t  p r e s -  
s u r e  r a t i o  (pj/p®), and Mach  n u m b e r  on the  p r e s s u r e  d i s t r i b u t i o n  and 

13 



AEDC-TDR-6~22 

r a d i a l  m o m e n t  l oad ing  about  the  a r e a  c e n t r o i d  of the  c r o s s  s e c t i o n  of the  
j e t  n o z z l e  a r e  p r e s e n t e d  in F i g s .  17 t h rough  25. The  p r e s s u r e  d i s t r i b u -  
t ions  r e p r e s e n t  the  v a r i a t i o n  in the  s u r f a c e  s t a t i c  p r e s s u r e  alo.ng the  
c e n t r a l  axis  of the  f la t  p l a t e  wi th  r e s p e c t  to c e n t e r  of the  j e t  n o z z l e  b lock .  
The  r e s u l t a n t  i n t e r a c t i o n  load  g e n e r a t e d  by the  l a t e r a l  j e t  was  e v a l u a t e d  
in the  fo l lowing  m a n n e r :  

w h e r e  

FN i = FNz = 2 f o  n d ~  

n - p~ f ( & p / p = ) r d r  
" d  j /2 

The  f a c t o r  n ac tua l ly  r e p r e s e n t s  the  l oca l  m o m e n t  about  m e  a i r  j e t  c r o s s -  
s e c t i o n a l  a r e a  c e n t r o i d  a long  a p a r t i c u l a r  r a d i a l  l ine ,  ~ ( s e e  F ig .  3 fo r  
a d e f i n i t i o n  of ~ ). The  l o c a l  f o r c e  a long  a r a d i a l  ~ would  be e v a l u a t e d  
as fo l lows :  

fu~ = p .  f ( ~ , / p . ) d r  
-d  

and the  l o c a l  c e n t e r  of p r e s s u r e  would  be e v a l u a t e d  as  

Xcp = n/fn! 

l ' h e  s u b s c r i p t ,  x, of FNx r e p r e s e n t s  the  ax ia l  l i m i t  of i n t e g r a t i o n  o v e r  
the  f la t  p la te .  T h e r e f o r e  the  l i m i t s  d j / 2  to R~ r e p r e s e n t  the  i n t e g r a l  
va lue  a long  one  a n g u l a r  r a y  (¢ = cons tan t )  f r o m  the  l ip  of the  j e t  n o z z l e  
to e i t h e r  the  l i m i t  de f i ned  by the  g e o m e t r y  of the  m o d e l  ( the flat  p la te  
l e a d i n g  e d g e  o r  s i d e s )  o r  t he  ax ia l  l i m i t  of i n t e g r a t i o n  aft of the  nozz l e ,  
x = 0, 2, o r  4 .5  in. d o w n s t r e a m  of the  n o z z l e .  F o r  e x a m p l e ,  FNo r e p r e -  
s e n t s  a l l  the  load  g e n e r a t e d  o v e r  the  e n t i r e  f la t  p la te  u p s t r e a m  of the  
l a t e r a l  j e t .  H e r e a f t e r  the  t e r m  n wi l l  be r e f e r r e d  to as the  loca l  " load  
d i s t r i b u t i o n "  a l though  ac tua l l y  it is the  l o c a l  m o m e n t  load in~  about  the  
a i r  j e t  n o z z l e  a r e a  c e n t r o i d .  

T h e  i n f l u e n c e  of m u l t i p l e  c i r c u l a r  n o z z l e  d e n s i t y  on the  p r e s s u r e  
and load  d i s t r~ou t ion  g e n e r a t e d  o v e r  a f lat  p la te  at Mach  n u m b e r  3 .98  by 
a l a t e r a l  j e t  is p r e s e n t e d  in F ig .  17. F o r  a cons t an t  j e t  p r e s s u r e  r a t i o ,  
the  s e p a r a t i o n  l eng th  i n c r e a s e d  wi th  an i n c r e a s e  in the  n u m b e r  of 
0 . 1 2 5 - i n .  c i r c u l a r  s o n i c  n o z z l e s .  In the  c a s e  of the  0 .131-  by 3- in .  s l o t  
and the  n ine  ho le  m u l t i p l e  n o z z l e  c o n f i g u r a t i o n s ,  the  j e t  m a s s  f lows 
( m o m e n t u m s )  w e r e  n e a r l y  equal  and p r o d u c e d  s i m i l a r  ax ia l  p r e s s u r e  
and r a d i a l  load  (n) d i s t r i b u t i o n s .  

A b a s i c  d i f f e r e n c e  in the  i n t e r a c t i o n  l oad ing  p r o d u c e d  by a s i n g l e  
c i r c u l a r  n o z z l e  and a s lo t  is  i l l u s t r a t e d  in the  l oad  d i s t r i b u t i o n  shown  
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in F ig .  17. In g e n e r a l ,  a m a j o r  p o r t i o n  of the  f o r c e  g e n e r a t e d  by a 
s i n g l e  c i r c u l a r  n o z z l e  was  l o c a t e d  aft of the  n o z z l e s  (~ > 90 deg) a long  
r a d i a l  l i n e s  b e t w e e n  ~ ffi 120 and 150 deg.  The  l a t e r a l  j e t  f r o m  a c i r c u -  
l a r  n o z z l e  and the  d e t a c h e d  s h o c k  wave  w h i c h  p a r t i a l l y  e n v e l o p e s  the  
j e t  s t r e a m  g e n e r a t e d  b o u n d a r y - l a y e r  s e p a r a t i o n  u p s t r e a m  and on e a c h  
s i d e  of the  c i r c u l a r  n o z z l e .  Th i s  b o u n d a r y - l a y e r  s e p a r a t i o n  and  the  
p r e s s u r e  r i s e  a s s o c i a t e d  wi th  the  e n v e l o p i n g  d e t a c h e d  s h o c k  w a v e  g e n -  
e r a t e  a p r e s s u r e  f i e ld  s i m i l a r  to the  one shown  in F ig .  10a and s c h e -  
m a t i c a l l y  i l l u s t r a t e d  in F ig .  9b. Of c o u r s e ,  the  m a g n i t u d e  of t h i s  h igh  
p r e s s u r e  r i d g e  s h o w n  in F ig .  9b d e c r e a s e d  as it e x t e n d e d  d o w n s t r e a m  
of the  c i r c u l a r  n o z z l e .  

In c o n t r a s t ,  a r e c t a n g u l a r  n o z z l e  o r  c l o s e l y  s p a c e d  m u l t i p l e  ho le  
n o z z l e  g e n e r a t e d  a l oad  d i s t r i b u t i o n  w h i c h  was  p r i m a r i l y  l o c a t e d  a h e a d  
of  the  j e t .  R e c t a n g u l a r  j e t s  p r o d u c e d  th i s  type  of load  d i s t r i b u t i o n  at  
a l l  j e t  p r e s s u r e  r a t i o s ,  M a c h  n u m b e r s ,  and R e y n o l d s  n u m b e r s  i n v e s t i -  
g a t e d  in this p r o g r a m .  

T h e  i n f l u e n c e  of the  span  of a r e c t a n g u l a r  s o n i c  n o z z l e  (dj = 0.0b7 in. ) 
on the  p r e s s u r e  and load  d i s t r i b u t i o n s  p r o d u c e d  by the  j e t  is  s u m m a r i z e d  
in F i g .  18. In th i s  c a s e ,  the  R e y n o l d s  n u m b e r  was  1 .8  x 10 6 and the  
p r e s s u r e  d i s t r i b u t i o n s  and  s c h l i e r e n  p i c t u r e s  i n d i c a t e d  tha t  the  b o u n d a r y -  
l a y e r  s e p a r a t i o n  was  t r a n s i t i o n a l .  As in the  c a s e  of a s i n g l e  c i r c u l a r  
n o z z l e  wi th  t u r b u l e n t  b o u n d a r y - l a y e r  s e p a r a t i o n ,  a l a r g e  p e r c e n t a g e  of 
the  load  o c c u r r e d  d o w n s t r e a m  of the  r e c t a n g u l a r  n o z z l e  wi th  a o n e - i n c h  
span .  F o r  the  two-  and t h r e e - i n c h  s p a n  s l o t s ,  the  t y p i c a l  c o n c e n t r a t i o n  
of the load  a h e a d  of a r e c t a n g u l a r  n o z z l e  was  ob ta ined .  R e d u c i n g  the  
r e c t a n g u l a r  n o z z l e  span  r e d u c e d  the  flow f ie ld  to one s i m i l a r  to tha t  
o b t a i n e d  wi th  a s i n g l e  c i r c u l a r  n o z z l e .  

In F ig .  19 the  p r e s s u r e  d i s t r i b u t i o n  and the  s c h l i e r e n  p i c t u r e s  
o b t a i n e d  at  Reyno lds  n u m b e r  0 .6  x 106 i n d i c a t e d  tha t  the  s e p a r a t i o n  
w a s  l a m i n a r ,  and at  3 .5  x 106 it a p p e a r e d  to be t u r b u l e n t .  A l s o  p r e -  
s e n t e d  in th i s  f i g u r e  is the  p r e s s u r e  d i s t r i b u t i o n  a long  the  c e n t r a l  
ax i s  of the  p l a t e  in the  a b s e n c e  of a l a t e r a l  j e t  at a Rex of 0 . 6  x 106. 
T h i s  i l l u s t r a t e s  the  i n f l u e n c e  of the  v i s c o u s  l e a d i n g  edge  e f f ec t s  w h i c h  
w e r e  a c c o u n t e d  f o r  in the  a n a l y s i s  of the  l a t e r a l  j e t  p r e s s u r e  da ta .  
Mos t  of the  l oad ing  p r o d u c e d  by  the  i n t e r a c t i o n  of a j e t  f r o m  a s i n g l e  
c i r c u l a r  n o z z l e  wi th  t he  s u p e r s o n i c  s t r e a m  w a s  l o c a t e d  d o w n s t r e a m  of 
the  n o z z l e  w h e n  the  s e p a r a t e d  b o u n d a r y  l a y e r  was  t u r b u l e n t  o r  t r a n s i -  
t i ona l ,  and  u p s t r e a m  w h e n  it was  l a m i n a r .  In th i s  c a s e ,  the  l a r g e r  
i n t e r a c t i o n  f o r c e  was  ob ta ined  in the  p r e s e n c e  of l a m i n a r  s e p a r a t i o n .  

The  i n f l u e n c e  of Reyno lds  n u m b e r  on 0. 131- and  0. 028- in .  w id th  
s l o t s  is  s h o w n  in F i g s .  20 and 21. The  p r e s s u r e  d i s t r i b u t i o n s  f o r  t h e s e  
s l o t s  at  the  m i n i m u m  Reyno lds  n u m b e r  (0 .6  x 106) w e r e  in th i s  c a s e  
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i n d i c a t i v e  of l a m i n a r  b o u n d a r y - l a y e r  s e p a r a t i o n .  At the  R e y n o l d s  n u m -  
b e r  of 1.5 x 106. the  p r e s s u r e  d i s t r i b u t i o n s  i n d i c a t e  tha t  the  s e p a r a t e d  
b o u n d a r y  l a y e r  was  t r a n s i t i o n a l .  T h e s e  e s t i m a t e s  of the  c h a r a c t e r  of 
the  s e p a r a t e d  b o u n d a r y  l a y e r  w e r e  c o n f i r m e d  by s c h l i e r e n  p i c t u r e s  of 
the  f low f ie ld .  Mos t  of the  i n t e r a c t i o n  l oad ing  p r o m o t e d  by a l a t e r a l  j e t  
f r o m  a r e c t a n g u l a r  n o z z l e  o c c u r r e d  u p s t r e a m  of the  n o z z l e  and was  
e s s e n t i a l l y  i n d e p e n d e n t  of the  c h a r a c t e r  of the  s e p a r a t e d  b o u n d a r y  l a y e r .  

An  e x a m p l e  of the  p r e s s u r e  and load  d i s t r i b u t i o n s  g e n e r a t e d  at 
Mach  n u m b e r  3 .98  o v e r  a f la t  p la te  by a son ic  l a t e r a l  j e t  of v a r i o u s  
s t r e n g t h s  (pj/p® r a t i o s )  f r o m  r e c t a n g u l a r  and c i r c u l a r  n o z z l e s  a r e  s h o w n  
in F i g s .  22 and 23. T h e s e  d i s t r i b u t i o n s  w e r e  ob t a ined  at a R e y n o l d s  n u m -  
b e r  of 1 .8  x 106. As e x p e c t e d ,  an i n c r e a s e  in j e t  p r e s s u r e  i n c r e a s e d  t he  
i n t e r a c t i o n  load  d i s t r i b u t i o n .  

T h e  Mach  n u m b e r  e f fec t  on the  l o c a l  d i s t r i b u t i o n  p r o d u c e d  by a 
0. 028- in .  wid th  r e c t a n g u l a r  and a 0. 125- in .  - d i a m  c i r c u l a r  j e t  is shown  
in F ig s .  24 and 25. The  p r e s s u r e  d i s t r i b u t i o n s  and s c h l i e r e n  o b s e r v a -  
t i ons  of the  s lo t  (F ig .  24) i n d i c a t e  tha t  the  s e p a r a t i o n  was l a m i n a r  at 
Mach  n u m b e r  5 .01 ,  w h e r e a s  at Mach n u m b e r s  2 .99 and 3 .98  the  s t a t e  of 
s e p a r a t i o n  was  t r a n s i t i o n a l .  Al though  not c l e a r l y  i n d i c a t e d  in the  p r e s -  
s u r e  d i s t r i b u t i o n s  of the  c i r c u l a r  je t  in Fig .  25, the  Mach n u m b e r  5 .01  
s c h l i e r e n s  i n d i c a t e d  that  the  s e p a r a t e d  b o u n d a r y  l a y e r  was  l a m i n a r ,  and 
at Mach  n u m b e r s  2 .99 and 3 .98  the  s c h l i e r e n s  i n d i c a t e d  tha t  the  b o u n d a r y -  
l a y e r  s e p a r a t i o n  was  t r a n s i t i o n a l .  

4.5 TWO-DIMENSIONAL THEORETICAL ANALYSIS 

4.5.1 Viscous Jet Interaction Load 

B a s e d  on the  ana logy  d e s c r i b e d  in Ref.  6 wh ich  c o m p a r e d  the  flow 
p h e n o m e n o n  of a p l a in  s p o i l e r  (o r  s tep)  wi th  a t w o - d i m e n s i o n a l  l a t e r a l  
( s p o i l e r )  je t ,  the  fo l lowing  a n a l y s i s  is  p r o p o s e d  fo r  the  c a s e  of a l a t e r a l  
j e t  on a s u r f a c e  in a s u p e r s o n i c  s t r e a m .  It has  b e e n  shown  e x p e r i m e n -  
t a l l y  that  a j e t  d i s t u r b s  a t u r b u l e n t  b o u n d a r y  l a y e r  in the  s a m e  m a n n e r  
as a p la in  s p o i l e r  ( s e e  Ref .  6, pp. 65 and Ref.  15, F ig .  7). Also ,  in 
the  p r e s e n c e  of t r a n s i t i o n a l  b o u n d a r y - l a y e r  s e p a r a t i o n ,  s i m i l a r  l oad ing  
was  g e n e r a t e d  by a p la in  s p o i l e r  and a j e t  s p o i l e r  ( s ee  F ig .  11). The  
s t e p  c a u s e s  the  b o u n d a r y  l a y e r  to s e p a r a t e  at s o m e  g iven  d i s t a n c e  ahead  
of the  s t e p  wi th  a r e s u l t i n g  i n c r e a s e  in the  p r e s s u r e  in the  r e g i o n  of 
s e p a r a t e d  f low. 

In an a t t e m p t  to p r o v i d e  a t h e o r e t i c a l  b a s i s  fo r  the  i n t e r a c t i o n  
e f f ec t s  o b s e r v e d  in e x p e r i m e n t s  of a l a t e r a l  j e t  f r o m  a body of r e v o l u t i o n  

16 



AEDC-TDR-63-22 

at  s u p e r s o n i c  s p e e d s ,  an a n a l y s i s  was  made  by Vinson ,  et.  at .  (Ref.  17). 
The  a s s u m p t i o n  was  m a d e  tha t  the  j e t  expanded  i s e n t r o p i c a l l y  wi thout  
m i x i n g  wi th  the  s u r r o u n d i n g  a i r s t r e a m ,  s e p a r a t e d  the  b o u n d a r y - l a y e r  
flow, and c a u s e d  the f r e e - s t r e a m  flow to t u r n  t h r o u g h  an angle ,  or, as  

~ IVioo oo 

" T I 
c~, A * , ~  .A 

shown in Fig. b. 

Boundary Layer ~ 

Je t ,  pj 

Fig, b Theoretical Model 

The  a r e a  r a t i o  A /A* ,  which  is  on ly  a func t ion  of the  p r e s s u r e  r a t i o ,  
pj /p®, b e c o m e s  the  r a t i o  of the  e f f ec t ive  j e t  s p o i l e r  he igh t  to the  e f f ec -  
t i ve  j e t  wid th  for  a uni t  span .  At v a r i o u s  f r e e - s t r e a m  cond i t ions ,  r e c -  
t a n g u l a r  n o z z l e  wid ths ,  and j e t  p r e s s u r e  r a t i o s  (pj/p®), m e a s u r e m e n t s  
of the  e f f ec t ive  t w o - d i m e n s i o n a l  j e t  s p o i l e r  he igh t  as  de f ined  in  F i g .  26 
w e r e  c o m p a r e d  to the  a r e a  r a t i o  t e r m  (A/A*) .  T h e s e  m e a s u r e m e n t s  
w e r e  ob ta ined  f r o m  s c h l i e r e n s  s i m i l a r  to the  ones  shown in F i g s .  10d, 
l l a ,  and 12. The  e f f ec t ive  j e t  s p o i l e r  he igh t  b a s e d  on the  flow d i r e c t i o n  
a s s o c i a t e d  wi th  the  s e p a r a t e d  b o u n d a r y  l a y e r  co inc ided  wi th  the peak  in 
the  c u r v a t u r e  of the  je t  shock  ( see  F ig .  26). 

At v a r i o u s  f r e e - s t r e a m  M a c h  n u m b e r s  and t w o - d i m e n s i o n a l  j e t  n o z -  
z le  wid ths ,  a c o m p a r i s o n  of the  m e a s u r e d  e f f ec t ive  je t  s p o i l e r  he igh t  wi th  
the  a r e a  r a t i o  b a s e d  on the je t  p r e s s u r e  r a t i o  is  shown in F ig .  26. The  
s m a l l e r  nozz l e  wid th  f o r  a g iven  je t  p r e s s u r e  r a t i o  p r o d u c e d  a h i g h e r  
r a t i o  of e f f ec t i ve  s p o i l e r  he igh t  to nozz l e  width .  With an  i n c r e a s e  in 
Mach  n u m b e r  fo r  a g iven  j e t  p r e s s u r e  ra t io ,  the  e f f ec t ive  s p o i l e r  he igh t  
b a s e d  on the  e x p e r i m e n t a l ,  f a i r e d  c u r v e s  t ends  to d e c r e a s e  s l i g h t l y .  

SJnce a l a t e r a l  j e t  p r o m o t e s  b o u n d a r y - l a y e r  s e p a r a t i o n ,  the  f a c t o r s  
wh ich  in f luence  r e g i o n s  of s e p a r a t e d  flow shou ld  a l so  app ly  in p a r t  to the  
p r o b l e m  of j e t - s e p a r a t e d  b o u n d a r y - l a y e r  i n t e r a c t i o n .  Some  of t h e s e  
f a c t o r s  a r e  (1) R e y n o l d s  n u m b e r ,  (2) the  type  of flow s e p a r a t i o n  ( l a m i n a r  
o r  t u rbu len t ) ,  (3) M a c h  n u m b e r ,  (4) l o c a t i o n  of t r a n s i t i o n  wi th in  the  
s e p a r a t e d  flow r eg ion ,  and (5) the  s t r e n g t h  o r  e f f ec t ive  s p o i l e r  he igh t  of 
the  je t .  F o r  the  p r e s e n t  a n a l y s i s ,  t h e s e  f a c t o r s  a r e  i m p o r t a n t  b e c a u s e  
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of t h e i r  i.nfluence on the p r e s s u r e  d i s t r i bu t ion  wi thin  the r eg ion  of sep -  
a r a t e d  flow p reced ing  the jet .  

The p r e s s u r e  r i s e  produced by a s e p a r a t e d  boundary  l a y e r  ahead of 
a v e r t i c a l  s p o i l e r  has  been t h e o r e t i c a l l y  and e m p i r i c a l l y  defined for  
l a m i n a r  and tu rbu len t  b o u n d a r y - l a y e r  s e p a r a t i o n  as a function of f r e e -  
s t r e a m  Mach n u m b e r  and the Reynolds  n u m b e r  of s e p a r a t i o n .  A g raph ica l  
p r e s e n t a t i o n  of the  t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  f rom Refs .  27 
th rough  33 of the r e l a t i o n s h i p  of the p r e s s u r e  r i s e  (the p la teau  p r e s s u r e )  
produced  by a s e p a r a t e d  boundary  l a y e r  as a funct ion of the f r e e - s t r e a m  
condi t ions ,  Mach number  and Reynolds  number ,  is shown in Fig .  27. In 
the p r e s e n t  a n a l y s i s ,  the p la teau  p r e s s u r e s  r e s u l t i n g  f rom l a m i n a r  and 
tu rbu len t  b o u n d a r y - l a y e r  s e p a r a t i o n  were  eva lua ted  on the ba s i s  of Ref. 27 
by Gadd and Ref. 28 by E rdos ,  r e s p e c t i v e l y .  

Since the s e p a r a t e d  boundary  l a y e r  acted as a flow def lec tor ,  the  
flow def lec t ion  angle  was s e l e c t e d  f r o m  the oblique shock tab le  of 
Ref.  25, which would produce  a p r e s s u r e  r i s e  equal to the s e p a r a t e d  
b o u n d a r y - l a y e r  p la teau  p r e s s u r e .  Th i s  a s s u m p t i o n  provided  a r e l a t i o n -  
sh ip  be tween  the r a t i o  of the p r e s s u r e  r i s e  to the  flow def lec t ion  angle 
and the f r e e - s t r e a m  Mach number  for  va r ious  s e p a r a t i o n  Reynolds  num-  
b e r s  and is shown in F ig s .  28a and b for  l a m i n a r  and tu rbu len t  boundary -  
l a y e r  s e p a r a t i o n .  Inc luded in Fig.  28 a r e  e x p e r i m e n t a l  data  f r o m  
Refs .  29, 30, and 33. Thus the e s t i m a t e  of the flow def lec t ion  angle,  ~, 
the  ef fec t ive  je t  s p o i l e r  height ,  h, and the p r e s s u r e  r i s e  produced by the 
boundary  l a y e r  provided  the i n fo rma t ion  r e q u i r e d  to eva lua te  the  v i scous  
por t ion  of the l a t e r a l  je t  i n t e r a c t i o n  fo rce  ac t ing  u p s t r e a m  of the je t .  

( Ap / a  ~ h per unit width FNi = - ~ - - /  /P** a tan a 

When n o n d i m e n s i o n a l i z e d  by Fj  the e x p r e s s i o n  becomes  

Ap 

whe re  the  e x p r e s s i o n  for  h / d  e is def ined in Fig.  26 by the A/A~ ra t io ,  
and it was a s s u m e d  tha t  ~/tan<~ ~ 1. 

The inf luence  of the s e p a r a t i o n  Reynolds  number ,  je t  p r e s s u r e  ra t io ,  
and f r e e - s t r e a m  Mach number  on the t w o - d i m e n s i o n a l  je t  v i scous  i n t e r -  
ac t ion  to je t  r e a c t i o n  fo rce  r a t io  is shown in F ig .  29. F o r  a two- 
d i m e n s i o n a l  l a t e r a l  je t ,  the  fol lowing condi t ions wil l  t h e o r e t i c a l l y  in-  
c r e a s e  the r a t i o  of the v i scous  por t ion  of the i n t e r a c t i o n  loading to the 
je t  r e a c t i o n  force :  (1) a d e c r e a s e  in the je t  p r e s s u r e  ra t io ,  (2) an i n c r e a s e  
in the f r e e - s t r e a m  Mach number ,  (3) a d e c r e a s e  in the s e p a r a t i o n  Reynolds  
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n u m b e r ,  and (4) a change  in the  c h a r a c t e r  of the  b o u n d a r y - l a y e r  s e p a r a -  
t ion  f r o m  l a m i n a r  to t u r b u l e n t .  If  an a l l o w a n c e  was m a d e  fo r  the  ac tua l  
i n f luence  of the  j e t  wid th  on the  e f f ec t ive  s p o i l e r  he igh t  as shown  in 
F ig .  26, t h e n  a d e c r e a s e  in the  n o z z l e  wid th  in s o m e  c a s e s  would  a l so  
t h e o r e t i c a l l y  g e n e r a t e  a h i g h e r  i n t e r a c t i o n  f o r c e  r a t i o  ( F N i / F j ) .  

4.5.2 Inviscid Jet Interaction Load 

The  p r e v i o u s  a n a l y s i s  does  not inc lude  the  p r e s s u r e  load ing  o r  i n t e r -  
ac t ion  f o r c e  r e s u l t i n g  f r o m  the  i n v i s c i d  i n t e r a c t i o n  of the  j e t  s t r e a m  with 
the  f r e e - s t r e a m  flow. In the  a b s e n c e  of b o u n d a r y - l a y e r  v i s c o u s  e f fec t s ,  
the  s h o c k  p r o d u c e d  by the  j e t  would  l o c a l l y  p r o m o t e  add i t iona l  l oad ing  
on the  m o d e l  s u r f a c e  in the  i m m e d i a t e  v i c in i t y  of the  a i r  j e t  nozz l e .  The  
a s s u m p t i o n  is m a d e  tha t  the  j e t  ac ts  as a t w o - d i m e n s i o n a l  f l a t - n o s e d  
blunt  body hav ing  a he igh t ,  h, in a s u p e r s o n i c  s t r e a m .  

Je t  F r e e - S t r e a m  
I n t e r a c t i o n  Shock 

m 

Moo / Je t  Shock 

/ Z " A s s u m e d  Je t  
I r ~ - ~ - - "  i [ ' - - - -  Spo i l e r  G e o m e t r y  

Pig. c Inviscid Theoretical Flow Field 

The  m a x i m u m  p r e s s u r e  load ing  on the  p la te  b e t w e e n  the  j e t  n o z z l e  
and the  d e t a c h e d  shock  ( je t  f r e e - s t r e a m  shock)  was  a s s u m e d  to be equa l  
to the  p roduc t  of the  s t a t i c  p r e s s u r e  ob ta ined  d o w n s t r e a m  of a n o r m a l  
s h o c k  and the  shock  d e t a c h m e n t  d i s t ance ,  A#. 

An e s t i m a t e  of the  shock  d e t a c h m e n t  d i s t a n c e  was ob ta ined  f r o m  
Ref.  34 (pp. 253, 254) and in t e r m s  of the  p r e s e n t  n o m e n c l a t u r e ,  is as 
fo l lows :  

A* [p ) 1.578~ 5 + M-=- -V = when  7 = 1.4 

The  i n c r e m e n t a l  i n c r e a s e  in p r e s s u r e  g e n e r a t e d  by the  n o r m a l  s h o c k  
would  be de f ined  as 

Ap _ 7 (.M: - I )  
Poo 6 

19 



AEDC-TDR-63-22 

T h e r e f o r e  the  r a t i o  of the  t w o - d i m e n s i o n a l  i n t e r a c t i o n  f o r c e  to the  s o n i c  
j e t  r e a c t i o n  f o r c e  can  be e s t i m a t e d  f r o m  the  fo l lowing  r e l a t i o n s h i p :  

FN____! ffi ~-~ / . 

Th i s  r e l a t i o n  is a s s u m e d  to r e p r e s e n t  the  m a x i m u m  i n v i s c i d  i n t e r a c t i o n  
load  tha t  could  be g e n e r a t e d  on a p l a n a r  s u r f a c e  by the  i n t e r a c t i o n  of a 
t w o - d i m e n s i o n a l  l a t e r a l  je t  wi th  the  s u p e r s o n i c  f r e e  s t r e a m .  

4.5.3 Net Interaction Load 

O b s e r v a t i o n s  of the  e x p e r i m e n t a l  p r e s s u r e  d i s t r i b u t i o n s  p r o d u c e d  
by a l a t e r a l  j e t  in a s u p e r s o n i c  s t r e a m  r e v e a l e d  tha t  the  in i t i a l  p r e s s u r e  
r i s e  can  be a t t r i b u t e d  to b o u n d a r y - l a y e r  s e p a r a t i o n ,  but the  add i t i ona l  
p r e s s u r e  r i s e  l o c a t e d  b e t w e e n  the  n o z z l e  and the  j e t  f r e e - s t r e a m  i n t e r -  
ac t ion  s h o c k  was a s s u m e d  to be c r e a t e d  by the  i n t e r a c t i o n  of the  j e t  
s t r e a m  wi th  the  s u p e r s o n i c  f r e e  s t r e a m  ( s e e  F i g s .  d and 17). 

Add i t i ona l  P r e s s u r e  
R i s e  R e s u l t i n g  f r o m  
Je t  F r e e - S t r e a m  [ ,  
I n t e r a c t i o n  Shock - - - - ~  

• " I" Assumed Pressure K ~ 
~P/P~- ) Distribution Result- 

ing from Boundary- ~\ 

----- I nv i sc id  P o r t i o n  
of the I n t e r a c t i o n  

Je t  

X 

Fig. d Typical Two-Dimensional Pressure Distribution 

As a f i r s t  a p p r o x i m a t i o n ,  it has  been  a s s u m e d  that  the  ne t  i n t e r a c t i o n  
load  m a y  be ob t a ined  by s i m p l y  adding  the  v i s c o u s  and i n v i s c i d  t h e o -  
r e t i c a l  e s t i m a t e s .  

Thus  

FNi (ne t )  ffi FN----L ( invlsc id)  + FN----! (v i scous)  
Fj Fj Fj 

fo r  a g iven  je t  s p o i l e r  he igh t  o r  in th i s  c a s e  je t  p r e s s u r e  r a t i o ,  pj/p®. 
The  r e s u l t s  a r e  s u m m a r i z e d  in F ig .  29. 
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4.6 THREE-DIMENSIONAL THEORETICAL ANALYSIS 

4.6.1 Viscous Jet Interaction Force 

To u t i l i z e  the  r e s u l t s  ob ta ined  in the  t w o - d i m e n s i o n a l  a n a l y s i s  in 
e v a l u a t i n g  the  i n t e r a c t i o n  load  g e n e r a t e d  by a c i r c u l a r  je t ,  a change  in 
the  a s s u m e d  p r e s s u r e  d i s t r i b u t i o n  ahead  of the  j e t  m u s t  be m a d e .  The  
i s o b a r s  of the  p r e s s u r e  d i s t r i b u t i o n  g e n e r a t e d  by the  i n t e r a c t i o n  of a c i r -  
c u l a r  j e t  wi th  a s u p e r s o n i c  s t r e a m  w e r e  o b s e r v e d  to l i e  in c o n c e n t r i c  
e l l i p t i c a l  o r  n e a r l y  c i r c u l a r  l i n e s  about  the  je t  in the  two u p s t r e a m  quad-  
r a n t s .  T h e r e f o r e  the  i n t e r a c t i o n  load  on a p l a n a r  s u r f a c e  was a l so  
a s s u m e d  to be d i s t r i b u t e d  in the  f o r m  of a c o n c e n t r i c  c i r c l e  about  the  
c i r c u l a r  n o z z l e .  The  a r e a  o v e r  which  the  s e p a r a t e d  b o u n d a r y - l a y e r  
p l a t e a u  p r e s s u r e  ac t s  was  de f i ned  as be ing  equa l  to 

2 

w h e r e  "h"  is  the  e f f ec t i ve  c i r c u l a r  n o z z l e  s p o i l e r  he igh t  for  a p a r t i c u l a r  
n o z z l e  j e t  p r e s s u r e  r a t i o  (pj/p®), and ~ is the  flow d e f l e c t i o n  ang le  of the  
s e p a r a t e d  b o u n d a r y  l a y e r .  T h e r e f o r e  the  i n t e r a c t i o n  f o r c e  ac t ing  up-  
s t r e a m  of the  j e t  b e c o m e s  

S 

Since  the  r a t i o  ( ~ / t a n ~ )  m a y  be a s s u m e d  to be equa l  to unity,  the  r a t i o  
of the  v i s c o u s  i n t e r a c t i o n  f o r c e  to j e t  r e a c t i o n  f o r c e  was  e v a l u a t e d  in 
the  fo l lowing  m a n n e r :  

~p 

,} 

Ut i l i z ing  t h e o r e t i c a l  ob l ique  s h o c k  r e s u l t s ,  the  flow d e f l e c t i o n  angle ,  
~, can  be r e l a t e d  to the  p l a t e a u  p r e s s u r e  of the  s e p a r a t e d  b o u n d a r y  l a y e r .  
The  o t h e r  f a c t o r s  in the  above  e x p r e s s i o n  a r e  known excep t  the  r a t i o  of 
the  e f f ec t i ve  je t  s p o i l e r  he igh t  to j e t  d i a m e t e r .  The  r e l a t i o n s h i p  b e t w e e n  
the  e f f e c t i v e  s p o i l e r  he igh t  of a c i r c u l a r  j e t  o p e r a t i n g  at v a r i o u s  j e t  p r e s -  
s u r e  r a t i o s  was  d e t e r m i n e d  e x p e r i m e n t a l l y  and is shown in F ig .  30. As in 
the  c a s e  of the  t w o - d i m e n s i o n a l  ( r e c t a n g u l a r )  je t ,  s c h l i e r e n s  w e r e  u s e d  as 
i l l u s t r a t e d  to e v a l u a t e  the  je t  s p o i l e r  he igh t .  The  j e t  s p o i l e r  he igh t  to j e t  
n o z z l e  d i a m e t e r  was  p r i m a r i l y  a func t ion  of the  j e t  p r e s s u r e  r a t i o  and 
i n d e p e n d e n t  of the  f r e e - s t r e a m  NIach n u m b e r  in the  r a n g e  f r o m  4 to 5, 
R e y n o l d s  n u m b e r ,  and n o z z l e  d i a m e t e r  in the  r a n g e  0.062 s dj -< 0 .25  in. 

An e s t i m a t e  of the  v i s c o u s  e f f ec t s  on the  i n t e r a c t i o n  f o r c e s  g e n e r a t e d  
by a c i r c u l a r  l a t e r a l  j e t  in a s u p e r s o n i c  s t r e a m  a r e  shown in F ig .  31. 
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B e c a u s e  of the  i n f l u e n c e  of the  flow s e p a r a t i o n  angle  in the  i n t e r a c t i o n  
f o r c e  e x p r e s s i o n ,  an i n c r e a s e  in the  r a t i o  of the  i n t e r a c t i o n  f o r c e  to the  
j e t  r e a c t i o n  f o r c e  o c c u r r e d  wi th  an i n c r e a s e  in the  R e y n o l d s  n u m b e r  
(Res)  o r  when  the  b o u n d a r y - l a y e r  s e p a r a t i o n  changed  f r o m  a t u r b u l e n t  
to l a m i n a r  s t a t e .  Un l ike  the  t w o - d i m e n s i o n a l  t h e o r e t i c a l  r e s u l t s •  an in -  
c r e a s e  in  the  j e t  p r e s s u r e  r a t i o  for  t he  c i r c u l a r  n o z z l e  i n c r e a s e d  the  
v i s c o u s  p o r t i o n  of the  r e s u l t a n t  i n t e r a c t i o n  f o r c e .  

4.6.2 Inviscid Jet Interaction Force 

A s s u m i n g  tha t  the  j e t  is s t r o n g  o r  tha t  the  b o u n d a r y - l a y e r  t h i c k n e s s  
is  i n s i g n i f i c a n t l y  s m a l l  r e l a t i v e  to the  j e t  exhaus t  n o z z l e  d i a m e t e r •  the  
m e c h a n i s m  i n v o l v e s  a j e t  wh ich  expands  f r o m  an ou t le t  and c a u s e s  a 
s t r o n g  c o m p r e s s i o n  wave  in the  s u p e r s o n i c  f r e e  s t r e a m  to e n v e l o p e  the  
u p s t r e a m  p o r t i o n  of the  l a t e r a l  c i r c u l a r  j e t .  The  p r o b l e m  was  a n a l y z e d  
by F e r r a r i  in Ref.  19 fo r  a c i r c u l a r  j e t  l o c a t e d  on a f la t  p la te  and a 
c y l i n d r i c a l  body.  The  g e n e r a l  m o d e l  f o r  t h i s  a n a l y s i s  is i l l u s t r a t e d  
be low (F ig .  e): 

/J/Z,, / Je t  / 
. / / "  / . -  

Jet Free-Stream / / / Z / 
- , --.J • I 

Fig. • Theoretical Model 

In developing this theory it was assumed that no boundary-layer flow 
is present• that no mixing between jet and free stream occurs, and that 
a detached shock wave is generated by the jet. Using hypersonic approxi- 
mations, the shape of the detached shock and the affected surface area 
containing the circular jet are determined on the basis of an assumed con= 
tour for the expanded jet stream. This theoretical approach predicts an 
increase in the inviscid interaction force ratio (FNi/F j) with Mach number 
and decreasing jet pressure ratio. 

Since  the  p r e s s u r e  d i s t r i b u t i o n  r e s u l t i n g  f r o m  the  s e p a r a t e d  b o u n d a r y  
l a y e r  (v i s cous  e f f e c t ) w a s  a s s u m e d  to be in the  f o r m  of a s t e p  func t ion ,  an 
a d d i t i o n a l  r i s e  above  the  p l a t eau  p r e s s u r e  was  a t t r i b u t e d  to  the  i n v i s c i d  
i n t e r a c t i o n  p h e n o m e n o n  ( s e e  F i g s .  f and 17). 

22 



AEDC-TDR-63-22 

(P/Pao- 

Additional Pressure 
Rise Resulting from ~\ 
the Jet Free-Stream ~----Inviscid Portion at 
Interaction Shock ---- \\ the Interaction 

1) x \  
\ \  I Assumed Pressure \~ 

Distribution Result- ~ 
ing from Boundary- ~ Jet 
L a y e r  S e p a r a t i o n ~  

/ / / / 7 / / / / / / / / / / / / / / / / / 1 1 / / / / ~  x 

Fig. f Assumed Pressure Distributions 

A d e s c r i p t i o n  of the  p r o c e d u r e  fo r  c o m p u t i n g  t h i s  i n v i s c i d  je t  i n t e r -  
a c t i o n  f o r c e  d e s c r i b e d  in Ref.  19 is  p r e s e n t e d  in the  append ix .  An 
e s t i m a t e  of the  c o m b i n e d  e f f ec t s  of the  v i s c o u s  and i n v i s c i d  i n t e r a c t i o n  
g e n e r a t e d  by a c i r c u l a r  l a t e r a l  j e t  was  ob ta ined  by adding  the t h e o r e t i c a l  
i n v i s c i d  i n t e r a c t i o n  f o r c e s  f o r  a g iven  je t  p r e s s u r e  r a t i o  and M a c h  n u m -  
b e r  ob ta ined  in Ref.  19 to  the  v i s c o u s  e s t i m a t e s  p r e s e n t e d  h e r e i n .  The  
r e s u l t s  of th i s  c o m b i n a t i o n  of i n t e r a c t i o n  f o r c e s  a r e  p r e s e n t e d  in F ig .  31. 

4.7 EXPERIMENTAL FLAT PLATE RESULTS 

4.7.1 Two-Dimensional Analysis 

Since  the  t h e o r e t i c a l  r e s u l t s  w e r e  b a s e d  on a t w o - d i m e n s i o n a l  a n a l -  
y s i s ,  a c o m p a r i s o n  was  m a d e  wi th  the  e x p e r i m e n t a l l y  e v a l u a t e d  l o c a l  
i n t e r a c t i o n  f o r c e  (fni) u p s t r e a m  of the  j e t  a long  the  c e n t r a l  r a y  (4 = 0) of 
the  p l a t e .  As shown  in F ig .  32, the  t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  
i n d i c a t e d  tha t  an  i n c r e a s e  in the  t w o - d i m e n s i o n a l  f o r ce  r a t i o  ( fn i / f j )  was  
ob ta ined  wi th  an  i n c r e a s e  in f r e e - s t r e a m  M a c h  n u m b e r  and d e c r e a s e  in 
je t  p r e s s u r e  r a t i o  (pj/p®). A l so  the  e x p e r i m e n t a l  r e s u l t s  i n d i c a t e d  tha t  
a d e c r e a s e  in  the  je t  wid th  o r  i n c r e a s e  in the  r e c t a n g u l a r  n o z z l e  a s p e c t  
r a t i o  (~ /d j )  i n c r e a s e d  the t w o - d i m e n s i o n a l  i n t e r a c t i o n  f o r c e  r a t i o  and the  
a g r e e m e n t  b e t w e e n  the  e x p e r i m e n t a l  and t h e o r e t i c a l  r e s u l t s  i m p r o v e d .  
T h e s e  r e s u l t s  i n d i c a t e d  tha t  the  h igh  a s p e c t  r a t i o  r e c t a n g u l a r  n o z z l e s  
p r o d u c e d  an i n t e r a c t i o n  f o r c e  m o r e  n e a r l y  equa l  to the  t w o - d i m e n s i o n a l  
t h e o r e t i c a l  a n a l y s i s  which  a s s u m e s  tha t  the  a s p e c t  r a t i o  is  i n f in i t e .  

T h e  t w o - d i m e n s i o n a l  i n t e r a c t i o n  to j e t  r e a c t i o n  f o r c e  r a t i o s  w e r e  
n e a r l y  equa l  when  p r o d u c e d  by 3- in .  span  r e c t a n g u l a r  n o z z l e s  of d i f f e r e n t  
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wid ths  b u t  wi th  the  s a m e  j e t  m a s s  flow o r  in th i s  c a s e  j e t  m o m e n t u m .  
F o r  e x a m p l e ,  c o m p a r e  the  f o r c e  r a t i o  ( fn i / f j )  p r o d u c e d  by the  0 . 0 2 8 -  by  
3- in .  s l o t  a t  a j e t  p r e s s u r e  r a t i o  of 500 wi th  the  f o r c e  r a t i o s  a s s o c i a t e d  
wi th  the  0 . 1 3 1 -  by 3- in .  s l o t  at pj/p® of 100. T h e r e f o r e  t h i s  two-  
d i m e n s i o n a l  a n a l y s i s  and the  s u b s e q u e n t  r e s u l t s  p r e s e n t e d  h e r e i n ,  p e r -  
t a i n i n g  to the  ne t  e x p e r i m e n t a l  i n t e r a c t i o n  f o r c e  p r o d u c e d  by l a t e r a l  
s o n i c  j e t s ,  i n d i c a t e d  tha t  the  i n t e r a c t i o n  f o r c e  a p p e a r e d  to c o r r e l a t e  
b e s t  as  a func t ion  of the  j e t  m a s s  f low (or  m o m e n t u m ) .  Al though  the 
p r e s e n t  t h e o r e t i c a l  a p p r o a c h  was  b a s e d  on the  r e l a t i o n s h i p  of the  i n t e r -  
ac t ion  f o r c e  r a t i o  and the  j e t  p r e s s u r e  r a t i o  i n s t e a d  of the  j e t  m o m e n t u m ,  
t he  t h e o r y  as  shown  in t h e s e  and s u b s e q u e n t  f i g u r e s  did p r o v i d e  a s a t i s -  
f a c t o r y  e s t i m a t e  of the  i n t e r a c t i o n  f o r c e  and i n d i c a t e d  the  i n f l u e n c e  of 
the  M a c h  n u m b e r ,  the  j e t  s t r e n g t h  (pj/p®), and c h a r a c t e r  of the  b o u n d a r y  
l a y e r  on the  i n t e r a c t i o n  f o r c e  r a t i o .  

An i n d i c a t i o n  of the  t h r e e - d i m e n s i o n a l  c h a r a c t e r  of the  i n t e r a c t i o n  
p r o d u c e d  by a j e t  f r o m  a s i n g l e  c i r c u l a r  n o z z l e  as  c o m p a r e d  to a 
m u l t i p l e  n o z z l e  o r  s l o t  is  p r e s e n t e d  in F ig .  33 for  ~ = 0. As the  d e n s i t y  
of the  m u l t i p l e  c i r c u l a r  n o z z l e  i n c r e a s e d  ( e / d j  - - -  0) and a p p r o a c h e d  the  
c r o s s - s e c t i o n a l  a r e a  of the  s lo t ,  Aj (ho les )  - - -  Aj (s lo t ) ,  t he  i n t e r a c t i o n  
f o r c e  r a t i o  a p p r o a c h e d  the  va lue  p r o d u c e d  by the  j e t  f r o m  the  s lo t .  

F o r  a g i v e n  n o z z l e  wid th  (dj = 0 .057  in.  ) the  e f fec t  of the  s lo t  s p a n  
on the  l o c a l  i n t e r a c t i o n  f o r c e  r a t i o  g e n e r a t e d  a long  the c e n t r a l  r a y  
(~ = 0) a h e a d  of the  j e t  is  shown  in F ig .  34. I n c r e a s i n g  the  n o z z l e  s p a n  
r e s u l t e d  in an i n c r e a s e  in the  r a t i o  of the  l o c a l  i n t e r a c t i o n  f o r c e  to j e t  
r e a c t i o n  f o r c e .  As in the  c a s e  of the  0. 131-in. s lo t ,  an i n c r e a s e  in j e t  
m o m e n t u m  (an i n c r e a s e  in pj/p®) of the  0 . 0 5 7 - i n .  s l o t  d e c r e a s e d  the  
i n t e r a c t i o n  f o r c e  r a t i o .  

4.7.2 Net Interaction Force 

T h e  ne t  i n t e r a c t i o n  load  (FN o) ahead  of the  n o z z l e  fo r  v a r i o u s  f r e e -  
s t r e a m  M a c h  n u m b e r s ,  R e y n o l d s  n u m b e r s ,  and n o z z l e  c o n f i g u r a t i o n s  
v e r s u s  the  j e t  m o m e n t u m  ( m a s s  flow) p a r a m e t e r ,  ( p j / p ® ) A e ,  is  p r e s e n t e d  
in  F i g .  35. F o r  an  e q u i v a l e n t  j e t  m o m e n t u m  and R e y n o l d s  n u m b e r ,  the  
r e c t a n g u l a r  n o z z l e s  g e n e r a t e d  l a r g e r  i n t e r a c t i o n  f o r c e s  than  the  c i r c u l a r  
n o z z l e s .  In  g e n e r a l ,  an i n c r e a s e  in  the  ho le  d e n s i t y  of the  n o z z l e  con-  
f i g u r a t i o n  i n c r e a s e d  the  i n t e r a c t i o n  f o r c e  for  a g iven  je t  m o m e n t u m  at  
(p j /p®)A e > 5 and R e y n o l d s  n u m b e r s  *- 1 .9  x 106 ( see  F ig .  35b). Not 
on ly  the  l o c a l  i n t e r a c t i o n  (fni) but  a l so  the  r e s u l t a n t  i n t e r a c t i o n  f o r c e  (FNo) 
t e n d  to i n d i c a t e  t ha t  a r e d u c t i o n  in the  s l o t  s p a n  r e d u c e d  the  i n t e r a c t i o n  
f o r c e  v a l u e  fo r  a g iven  j e t  m o m e n t u m  ( see  F ig .  35c). 

Wi th in  the  a c c u r a c y  of the  i n t e g r a t e d  t e s t  r e s u l t s ,  the  i n f l u e n c e  of 
the  s t a t e  of the  b o u n d a r y  l a y e r  (or  f r e e - s t r e a m  R e y n o l d s  n u m b e r )  was  
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not s i g n i f i c an t  at Mach  n u m b e r s  3 .98  and 5 .01 .  In the  c a s e  of the  Mach  
' n u m b e r  2 .99  r e s u l t s  (Fig.  35a), the  h i g h e r  r a t i o  of the  i n t e r a c t i o n  f o r c e  
to the  f r e e - s t r e a m  d y n a m i c  p r e s s u r e  was ob ta ined  at the  l o w e s t  R e y n -  
o lds  n u m b e r .  

E x c e p t  for  the  Mach  n u m b e r  2 .99 da ta  wi th  l a m i n a r  s e p a r a t i o n  
ahead  of the  l a t e r a l  je t ,  the  bes t  f a i r i n g  of the  r e s u l t s  of F ig .  35 was of 
the  fo l lowing  f o r m :  

(-E )'~ FN i constant  PJ Ae 
q~ 

The  je t  p r e s s u r e  r a t i o  (pj/p®) 
t h e o r e t i c a l  r e l a t i o n s h i p s  of R~fs.  17 and 19, 
f o r c e  as a func t ion  of the  j e t  p r e s s u r e  r a t io ,  
was  obta ined:  

ZSi constant { pj ,s~ Ae 
q= = ~. "-~m I ' 

was t a k e n  as an u p p e r  l i m i t  in the  
e x p r e s s i n g  the  i n t e r a c t i o n  
and the  fo l lowing r e s u l t  

P__L > I00 
P~ 

Although  t h e s e  t h e o r e t i c a l  and e x p e r i m e n t a l  r e l a t i o n s h i p s  a r e  not exac t ly  
i den t i ca l ,  for  a g iven  je t  n o z z l e  c r o s s - s e c t i o n a l  a r e a ,  the  r a t e  of change  
of the  i n t e r a c t i o n  f o r c e  wi th  the  j e t  p r e s s u r e  r a t i o  was  s i m i l a r .  

S ince  a l a r g e  s h a r e  of the  load  g e n e r a t e d  by the  i n t e r f e r e n c e  of a 
j e t  f r o m  a s i n g l e  c i r c u l a r  n o z z l e  o c c u r r e d  aft of the  n o z z l e  s ta t ion ,  the  
i n c l u s i o n  of th is  load  i n c r e a s e d  the  ne t  i n t e r a c t i o n  load  as shown in 
F ig .  36a. In th is  f i gu re ,  the  r e s u l t a n t  i n t e r a c t i o n  f o r c e  f r o m  the  m o d e l  
l e a d i n g  edge  to m o d e l  s t a t i ons  x a r e  p lo t t ed  aga ins t  the  aft l i m i t  of i n t e -  
g r a t i on ,  x / d j .  The  va lue  at x / d j  = 64 r e p r e s e n t s  an e s t i m a t e  of the  i n t e r -  
ac t ion  load  ob ta ined  f r o m  the  i n t e r n a l  s t r a i n - g a g e  f o r c e  m e a s u r e m e n t s .  
T h e s e  r e s u l t s  s u g g e s t e d  that  an i n c r e a s e  in the  aft l eng th  of the  p la te  
would i n c r e a s e  the  ne t  i n t e r a c t i o n  f o r c e  fo r  a c i r c u l a r  n o z z l e  up to a 
m a x i m u m  va lue  at x / d j  = 36 ( x / L  = 1.6) fo r  pj/p® = 100. 

An i n c r e a s e  in the  aft l i m i t  of i n t e g r a t i o n  fo r  the  r e c t a n g u l a r  n o z z l e  
p r o d u c e d  a s l i gh t  d e c r e a s e  in the  r e s u l t a n t  i n t e r a c t i o n  f o r c e  ( s e e  F ig .  36b). 
As in the  c a s e  of the  c i r c u l a r  nozz l e ,  a h igh  p r e s s u r e  f i e ld  p a r t i a l l y  
e n c l o s e d  and e x t e n d e d  d o w n s t r e a m  of the  r e c t a n g u l a r  n o z z l e  as i U u s -  
t r a t e d  in F ig .  9, but the  in f luence  of th i s  h igh  p r e s s u r e  f ie ld  on the  p la te  
was  a p p a r e n t l y  not l a r g e  enough to ou tweigh  the  n e g a t i v e  load ing  l o c a t e d  
i m m e d i a t e l y  aft of the  r e c t a n g u l a r  a i r  je t .  

The  Mach  n u m b e r  i n f l u e n c e  on the  i n t e r a c t i o n  l oad ing  is s u m m a r i z e d  
in F ig .  37 for  r e c t a n g u l a r  and c i r c u l a r  n o z z l e s .  In g e n e r a l , t h e  i n t e r -  
ac t ion  load ing  d e c r e a s e s  wi th  i n c r e a s i n g  Mach  n u m b e r  fo r  a c o n s t a n t  j e t  
m o m e n t u m  which  is p r o p o r t i o n a l  to (p j /p®)Ae.  F o r  a c o n s t a n t  j e t  
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m o m e n t u m ,  in g e n e r a l ,  the  r e c t a n g u l a r  n o z z l e s  g e n e r a t e d  a l a r g e r  i n t e r -  
a c t i o n  f o r c e  than  the c i r c u l a r  n o z z l e s  as the  f r e e - s t r e a m  Mach  n u m b e r  
was  i n c r e a s e d  ( c o m p a r e  F i g s .  37a wi th  b). At M a c h  n u m b e r  2 .99  and 
Rex  = 1 .9  to 3 .7  x 106, the  m a x i m u m  i n t e r a c t i o n  f o r c e  (FN4.5)  p r o d u c e d  
by the  c i r c u l a r  n o z z l e  was  about  equal  to the  f o r c e  p r o d u c e d  by the  r e c -  
t a n g u l a r  no zz l e .  

4.7.3 Interaction Force Center of Pressure 

T h e  c e n t e r  of p r e s s u r e  (cp) l o c a t i o n  of the  i n t e r a c t i o n  load  ahead  of 
the  l a t e r a l  j e t  at  M a c h  n u m b e r s  2 .99 ,  3 .98 ,  and 5 .01  is  shown  in F ig .  38. 
I n c r e a s i n g  the  j e t  m o m e n t u m  m o v e d  the  c e n t e r  of p r e s s u r e  (cp) u p s t r e a m .  
At M a c h  n u m b e r s  2 .99  and 3 .98,  the  cp l o c a t i o n  was  d i s p l a c e d  f u r t h e r  
u p s t r e a m  f r o m  a r e c t a n g u l a r  n o z z l e  je t ,  but at  1Hach n u m b e r  5 .01  i t  was  
d i s p l a c e d  f u r t h e r  u p s t r e a m  f r o m  the  c i r c u l a r  j e t .  T h e  e f fec t  of R e y n o l d s  
n u m b e r  on the  cp l o c a t i o n  was  not s i g n i f i c a n t .  

4.7.4 Theoretical and Experimental Comparisons 

The  j e t  i n t e r a c t i o n  r e s u l t s  of F ig .  35 a r e  p r e s e n t e d  aga in  in  F i g .  39 
in the  f o r m  of the  r a t i o  of the  i n t e r a c t i o n  f o r c e  to the  je t  r e a c t i o n  f o r c e  
( F N o / F j )  v e r s u s  the  je t  p r e s s u r e  r a t i o  (pj/p®) and c o m p a r e d  wi th  v a r i o u s  
t h e o r e t i c a l  e s t i m a t e s .  The  c o r r e l a t i o n  of the  t h e o r e t i c a l  and e x p e r i -  
m e n t a l  r e s u l t s  i m p r o v e d  wi th  i n c r e a s i n g  M a c h  n u m b e r .  Inc luded  on e a c h  
f i g u r e  is  the  t h e o r e t i c a l  e s t i m a t e  of the  i n v i s c i d  i n t e r a c t i o n  f o r c e  and the  
t h e o r e t i c a l  ne t  i n t e r a c t i o n  f o r c e  wh ich  i nc ludes  the  v i s c o u s  and i n v i s c i d  
e f f e c t s .  

In  g e n e r a l ,  the  e x p e r i m e n t a l l y  e v a l u a t e d  r a t i o  of i n t e r a c t i o n  f o r c e  
to j e t  r e a c t i o n  f o r c e  p r o d u c e d  by a c i r c u l a r  n o z z l e  fe l l  w i th in  the  t h e o -  
r e t i c a l  e s t i m a t e s  ( s e e  F i g s .  39a, c, and e). T h e s e  r e s u l t s  i n d i c a t e d  
t ha t  the  i n t e r a c t i o n  f o r c e  r a t i o  ( F N o / F  j) i n c r e a s e d  wi th  d e c r e a s i n g  j e t  
p r e s s u r e  r a t i o .  

A l though  the  t h e o r e t i c a l  r e s u l t s  show tha t  the  i n t e r a c t i o n  p r o d u c e d  
by l a m i n a r  s e p a r a t i o n  was  l a r g e r ,  the  s c a t t e r  in  the  e x p e r i m e n t a l  r e s u l t s  
c o n c e a l e d  the  i n f l u e n c e  of the  c h a r a c t e r  of the  s e p a r a t e d  b o u n d a r y  l a y e r  
on the  i n t e r a c t i o n  f o r c e  p r o d u c e d  by a c i r c u l a r  je t .  S i m i l a r l y ,  the  t heo -  
r e t i c a l  r e s u l t s  i n d i c a t e  tha t  the  i n t e r a c t i o n  f o r c e  r a t i o  i n c r e a s e d  wi th  the  
f r e e - s t r e a m  M a c h  n u m b e r ,  but the  e x p e r i m e n t a l  r e s u l t s  do not c l e a r l y  
s u b s t a n t i a t e  t h i s  t r e n d .  

T h e  r a t e s  of change  in the  i n t e r a c t i o n  f o r c e  r a t i o  p r o d u c e d  by the  
r e c t a n g u l a r  n o z z l e  j e t s  wi th  the  je t  p r e s s u r e  r a t i o  a g r e e  wi th  the  t heo -  
r e t i c a l  t r e n d s  ( see  F i g s .  39b, d, and f). The  t h e o r e t i c a l  r e s u l t s  b r a c k e t  
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m o s t  of the  e x p e r i m e n t a l  r e s u l t s  at Mach n u m b e r s  3 .98  and 5 .01 .  In 
g e n e r a l ,  the  e x p e r i m e n t a l  i n t e r a c t i o n  f o r c e  r a t i o s  e x c e e d e d  the  Mach  
n u m b e r  2 .99  t h e o r e t i c a l  e s t i m a t e s .  As in the  c a s e  of the  c i r c u l a r  n o z -  
z l e s ,  the  e x p e r i m e n t a l l y  d e t e r m i n e d  r e c t a n g u l a r  n o z z l e  j e t  i n t e r a c t i o n s  
do not c l e a r l y  de f ine  the  i n f l u e n c e  of the  c h a r a c t e r  of the  b o u n d a r y  l a y e r  
on the  j e t  i n t e r a c t i o n  f o r c e  r a t i o .  

B a s e d  on the  p r e s e n t  e x p e r i m e n t a l  r e s u l t s  ob ta ined  at Mach  n u m -  
b e r  5, t he  v a r i a t i o n  of the  r e s u l t a n t  con t ro l  f o r c e  p r o d u c e d  by a l a t e r a l  
son i c  j e t  l o c a t e d  on a f ia t  s u r f a c e  is shown  in Fig .  40 at v a r i o u s  a l t i t udes  
wi th in  the  f l ight  c o r r i d o r .  In th i s  p a r t i c u l a r  c a s e  the  f o r c e  p r o d u c e d  by 
a 0 . 0 2 8 -  by 3- in .  s lo t  was  c o m p a r e d  wi th  the  f o r c e  p r o d u c e d  by a s i n g l e  
0 . 2 5 - i n .  - d i a m  c i r c u l a r  n o z z l e  o p e r a t i n g  at the  s a m e  je t  m o m e n t u m ,  and 
the  c o m p a r i s o n  i n d i c a t e s  tha t  the  s lo t  was  m o r e  e f f e c t i v e  at a l l  a l t i t udes .  
S ince  the  v a r i a t i o n  in M a c h  n u m b e r  had only a 10 p e r c e n t  e f fec t  on the  
i n t e r a c t i o n  f o r c e  p r o d u c e d  by the  l a t e r a l  je t ,  t h e s e  p a r t i c u l a r  c u r v e s  of  
j e t  c o n t r o l  f o r c e  v e r s u s  a l t i tude  a r e  app l i cab le  in the  Mach  n u m b e r  
r a n g e  f r o m  2 .99  to 5 .01 .  The  e f fec t  of o p e r a t i n g  a l a t e r a l  je t  at the  
l o w e r  a l t i t udes  (= 103 ft) t h e o r e t i c a l l y  i n c r e a s e d  the  r e s u l t a n t  j e t  c o n -  
t r o l  f o r c e  by a f a c t o r  of at l e a s t  four  t i m e s  the  va lue  p r e s e n t  at a l t i t udes  
above  the  f l ight  c o r r i d o r  ( a l t i t udes  = 105 ft). 

An e m p i r i c a l l y  d e t e r m i n e d  c o r r e l a t i o n  f a c t o r  was  p r o p o s e d  in Ref. 13, 
wh ich  would  inc lude  the  e f fec t s  of the  s u r f a c e  g e o m e t r y  of the  f la t  p la te ,  
the  r e l a t i v e  l o c a t i o n  of the  c i r c u l a r  n o z z l e  je t ,  and the  son ic  n o z z l e  d i a m -  
e t e r  on the  i n t e r a c t i o n  f o r c e  ra t io .  Th i s  c o r r e l a t i o n  t e c h n i q u e  was  app l i ed  
to the  p r e s e n t  i n t e g r a t e d  p r e s s u r e  r e s u l t s  and is p r e s e n t e d  in F ig .  41. 
Al though  the  je t  n o z z l e  d i a m e t e r  a p p e a r e d  to be  c o r r e l a t e d ,  the  p la te  g e o m -  
e t r y  y i e l d s  t h r e e  d i s t i nc t  c u r v e s  fo r  t h r e e  r a t i o s  of p la te  l eng th  con t a in ing  
the  i n t e r a c t i o n  load to  the  l eng th  f r o m  the  m o d e l  l e ad ing  edge  to  the  je t  
l o c a t i o n  (L /X) .  F o r  a g iven  je t  p r e s s u r e  r a t io  and n o z z l e  d i a m e t e r ,  th i s  
d i s a g r e e m e n t  i n d i c a t e d  that  the  r a t e  of change  of the  r e s u l t a n t  i n t e r a c t i o n  
load  i n c r e a s e d  m o r e  r ap id ly  than  i nd i ca t ed  by the  c o r r e l a t i o n  f a c t o r . a s  the  
n o z z l e  l o c a t i o n  was  m o v e d  f o r w a r d  of the  flat  p la te  t r a i l i n g  edge .  

4.8 LATERAL JET FROM A BODY OF REVOLUTION 

In m a n y  r e s p e c t s  the  flow g e n e r a t e d  by a l a t e r a l  je t  f r o m  a son ic  
n o z z l e  on a ho l low c y l i n d e r  o r  a n i n e - c a l i b e r  og ive  was s i m i l a r  to a je t  
f r o m  a son i c  n o z z l e  on a f la t  p la te .  In F i g s .  42 t h rough  44, e x a m p l e s  
of the  p i c t o r i a l  r e p r e s e n t a t i o n  of the  flow g e n e r a t e d  about a hol low c y l i n -  
d e r  and an og ive  by a l a t e r a l  je t  a r e  p r e s e n t e d  in the  f o r m  of oil  f low and 
s c h l i e r e n  p i c t u r e s .  As in the  c a s e  of the  flat  p la te  r e s u l t s ,  the  oi l  f low 
p i c t u r e  (F ig .  42a) and the  p r e s s u r e  d i s t r i b u t i o n s  r e v e a l e d  the  s a m e  
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t y p i c a l  h igh  p r e s s u r e  r i d g e s  a s s o c i a t e d  wi th  c i r c u l a r  n o z z l e s .  A l so  the  
low p r e s s u r e  f i e ld  j u s t  d o w n s t r e a m  of the  n o z z l e  be tween  t h e s e  h igh  
p r e s s u r e  r i d g e s  was  o b s e r v e d .  As in the  c a s e  of the  f i a t  p l a t e ,  t h i s  low 
p r e s s u r e  f i e ld  d o w n s t r e a m  of the  n o z z l e  p r o m o t e d  l i t t l e  oi l  f low. A 
s i m i l a r  c o r r e l a t i o n  p e r t a i n i n g  to a r e c t a n g u l a r  n o z z l e  j e t  f low f i e ld  on a 
ho l low c y l i n d e r  and a f i a t  p l a t e  was  o b s e r v e d  by no t ing  the  s i m i l a r i t i e s  
of the  oi l  f low p a t t e r n s  and the  h igh  and low p r e s s u r e  f i e l d s .  

The  d i f f e r e n c e  in  the  b o u n d a r y - l a y e r  s e p a r a t i o n  d i s t a n c e s  g e n e r a t e d  
by  the  s a m e  c i r c u l a r  j e t  n o z z l e  wi th  a s i m i l a r  j e t  m o m e n t u m  on the  
ho l low c y l i n d e r  and the  og ive  is  c o m p a r e d  in F i g s .  42a and 43a. A l though  
the  j e t  m o m e n t u m  f r o m  the  n o z z l e  on the  og ive  was  s l i g h t l y  s m a l l e r ,  the  
s e p a r a t i o n  d i s t a n c e  was  25 p e r c e n t  l a r g e r  t han  the s e p a r a t i o n  d i s t a n c e  on 
the  ho l low c y l i n d e r .  In both c a s e s ,  the  s e p a r a t i o n  a p p e a r e d  to be t u r b u -  
l en t .  T h e  r e c t a n g u l a r  n o z z l e  j e t  g e n e r a t e d  a s e p a r a t i o n  which ,  in  the  
p r e s e n c e  of a t u r b u l e n t  b o u n d a r y  l a y e r  on the  ogive ,  was  on ly  s l i g h t l y  
l a r g e r  t h a n  the  s e p a r a t i o n  l eng t h  on the  c y l i n d e r  ( c o m p a r e  F i g s .  42b 
and 44d). 

In  F i g .  43, the  i n f l u e n c e  of R e y n o l d s  n u m b e r  and the  s t a t e  of the  
b o u n d a r y  l a y e r  on the  s e p a r a t i o n  g e n e r a t e d  by the  s a m e  c i r c u l a r  n o z z l e  
wi th  n e a r l y  the  s a m e  j e t  m o m e n t u m  w e r e  c o m p a r e d .  T h e  s e p a r a t i o n  
l e n g t h  in  F i g s .  43a and b a r e  i d e n t i c a l ;  in both  c a s e s  the  s e p a r a t i o n  ap-  
p e a r e d  to be fu l l y  t u r b u l e n t .  The  R e y n o l d s  n u m b e r  of t he  f i r s t  f i g u r e  
(43a) was  t w i c e  tha t  of the  s e c o n d  (F ig .  43b), but  a b o u n d a r y - l a y e r  t r i p  
was  added  to the  mode l  n o s e  when  the  l o w e r  R e y n o l d s  n u m b e r  r e s u l t s  
w e r e  r e c o r d e d .  R e m o v i n g  the  t r i p  r e s u l t e d  in  the  f low f i e ld  shown  in 
F i g .  43c,  w h e r e  the  s e p a r a t i o n  d i s t a n c e  was  l a r g e r  and p a r t i a l l y  l a m i n a r  
o r  t r a n s i t i o n a l  in c h a r a c t e r .  

4.8.1 Local Interaction Pressure Loading 

T y p i c a l  p r e s s u r e  d i s t r i b u t i o n s  ob ta ined  in  the  p r e s e n c e  of a l a t e r a l  
j e t  on an  og ive  at  M a c h  n u m b e r  3 .98  a r e  shown  in F ig .  45. T h i s  r e p r e -  
s e n t s  the  ax ia l  p r e s s u r e  d i s t r i b u t i o n  at  two body c o o r d i n a t e s ,  ¢J = 0 and 
59 deg ( s ee  F ig .  5). The  i n f l u e n c e  of R e y n o l d s  n u m b e r ,  the  s t a t e  of the  
b o u n d a r y  l a y e r ,  and the je t  p r e s s u r e  r a t i o  (pj/p®) on the  p r e s s u r e  d i s t r i -  
bu t ion  i s  c o m p a r e d  wi th  the  b a s i c  d i s t r i b u t i o n  ob t a ined  in  the  a b s e n c e  of 
any  j e t .  A g a i n  the  l o n g e r  l eng th  of i n t e r a c t i o n  r e g i o n  was  ob t a ined  at  the  
l o w e r  R e y n o l d s  n u m b e r .  In  c o m p a r i s o n  wi th  the  f ia t  p l a t e  r e s u l t s ,  the  
p r e s s u r e  af t  of the  j e t  n o z z l e  on the bod ies  of r e v o l u t i o n  a p p e a r e d  to be 
m u c h  l o w e r  and ex t ended  o v e r  a l a r g e r  s u r f a c e  a r e a .  

4.8.2 Net Interaction Force 

As a r e s u l t  of the  d i s t u r b a n c e  g e n e r a t e d  by the  n o z z l e  b lock  a t t a c h -  
m e n t  t ab  ( s ee  F i g s .  42 t h r o u g h  44), t he  p r e s s u r e  da ta  was  on ly  i n t e g r a t e d  
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up to the  m o d e l  s t a t i o n  occup ied  by the  n o z z l e  b lock  (x = 0). T h e s e  
r e s u l t s  for  the  ho l low c y l i n d e r  and ogive  a r e  shown in F i g s .  46 and 47. 
In g e n e r a l ,  the i n t e r a c t i o n  f o r c e s  g e n e r a t e d  on the  hol low c y l i n d e r  
a g r e e d  qui te  wel l  wi th  the  r e s u l t s  ob ta ined  on the  f lat  p la te .  A change  
in the  Reyno lds  n u m b e r  f r o m  2 .0  to 3 .9  x 106 had no s i g n i f i c a n t  e f fec t  
on the  i n t e r a c t i o n  f o r c e  p r o d u c e d  on the  ho l low c y l i n d e r  by the  l a t e r a l  
je t .  

The  i n t e r a c t i o n  loads  g e n e r a t e d  by the  l a t e r a l  j e t  on the  og ive  w e r e  
s l i g h t l y  l e s s  than  t h o s e  ob ta ined  on the  ho l low c y l i n d e r .  Doubl ing  the  
R e y n o l d s  n u m b e r  or  a change  in the  c h a r a c t e r  of the  b o u n d a r y  l a y e r  
f r o m  l a m i n a r  to t u r b u l e n t  i n c r e a s e d  the  i n t e r a c t i o n  f o r c e  g e n e r a t e d  by 
the  c i r c u l a r  son ic  je t  on the  og ive .  The  m a g n i t u d e  of the  i n c r e m e n t a l  
i n c r e a s e  in the  i n t e r a c t i o n  f o r c e  r e s u l t i n g  f r o m  the  t u r b u l e n t  b o u n d a r y -  
l a y e r  s e p a r a t i o n  r e l a t i v e  to the  f o r c e  ob ta ined  in the  p r e s e n c e  of l a m i -  
n a r  s e p a r a t i o n  i n c r e a s e d  wi th  the  je t  m o m e n t u m  ( see  Fig .  46). 

4.8.3 Theoretical Estimates and Experimental Comparisons 

The s i m i l a r i t y  in the  p r e s s u r e  and flow f i e ld  r e s u l t s  of the  f la t  
p la te  and hol low c y l i n d e r  shou ld  not y i e l d  the  s a m e  i n t e r a c t i o n  f o r c e s  
b e c a u s e  of the  d i f f e r e n c e s  in the  g e o m e t r y  of the  b o d i e s  invo lved .  F o r  
e x a m p l e ,  ff a g iven  f la t  p la te  load  d i s t r i b u t i o n  cou ld  be  d i r e c t l y  s u p e r -  
i m p o s e d  on a ho l low c y l i n d e r ,  the  p a r t i c u l a r  s i z e  o r  c u r v a t u r e  of the  
c y l i n d e r  would  have  a d i r e c t  i n f l uence  on the  m a g n i t u d e  of the  i n t e r a c t i o n  
f o r c e .  Thus  the  r e l a t i v e  s i z e  of the  j e t  n o z z l e  to  the  loca l  c u r v a t u r e  of 
the  s u r f a c e  con ta in ing  the  n o z z l e  and je t  m o m e n t u m  would  have  a d i r e c t  
i n f l u e n c e  on the  i n t e r a c t i o n  f o r c e .  

On a f lat  p la te ,  the  m a x i m u m  i n t e r a c t i o n  f o r c e  of a c i r c u l a r  son ic  
je t  was  t h e o r e t i c a l l y  ob ta ined  in the  p r e s e n c e  of l a m i n a r  s e p a r a t i o n .  At 
j e t  p r e s s u r e  r a t i o s  (pj/p®) above  100, the  j e t  i n t e r a c t i o n  f o r c e  in the  
p r e s e n c e  of t u r b u l e n t  s e p a r a t i o n  on the  ogive  was l a r g e r  than  the  va lue  
ob t a ined  in the  p r e s e n c e  of l a m i n a r  b o u n d a r y  l a y e r  s e p a r a t i o n  ( s e e  
Fig .  48). Th i s  i n f l u e n c e  of the  c h a r a c t e r  of the  b o u n d a r y - l a y e r  s e p a r a -  
t ion  and the  f r e e - s t r e a m  R e y n o l d s  n u m b e r  on the  j e t  i n t e r a c t i o n  f o r c e  on 
a body of r e v o l u t i o n  can be e s t i m a t e d  t h e o r e t i c a l l y .  U t i l i z ing  the  a s s u m e d  
t h e o r e t i c a l  v i s c o u s  p r e s s u r e  l oad ing  d e s c r i b e d  fo r  a c i r c u l a r  je t  l o c a t e d  
on a f la t  p la te  in s e c t i o n  4 .6 ,  the  add i t iona l  a s s u m p t i o n  was m a d e  tha t  
th i s  f la t  p la te  load ing  about  a c i r c u l a r  j e t  is s i m p l y  w r a p p e d  a round  the  
body of r e v o l u t i o n .  Th i s  t e c h n i q u e  p r o v i d e d  a rough  t h e o r e t i c a l  e s t i m a t e  
of  the  j e t  i n t e r a c t i o n  f o r c e  p r o d u c e d  by the  s e p a r a t e d  b o u n d a r y  l a y e r  
ahead  of the  je t  f r e e - s t r e a m  i n t e r a c t i o n  shock  and when  added  to the  
i n v i s c i d  r e s u l t s  p r o v i d e d  in Ref.  19 by C. F e r r a r i  y i e l d e d  the  r e s u l t  
shown  in F ig .  48. I nc luded  in F ig .  48 a r e  the  t h e o r e t i c a l  i n v i s c i d  r e s u l t s  
of Ref.  19. 
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The  t h e o r e t i c a l  and e x p e r i m e n t a l  v a r i a t i o n  of the  je t  i n t e r a c t i o n  f o r c e  
g e n e r a t e d  in the  p r e s e n c e  of t u r b u l e n t  b o u n d a r y - l a y e r  s e p a r a t i o n  r e l a t i v e  
to the  f o r c e  ob ta ined  wi th  l a m i n a r  s e p a r a t i o n  a g r e e d  f a i r l y  we l l .  T h e s e  
t h e o r e t i c a l  r e s u l t s  w e r e  e v a l u a t e d  f o r  a son ic  n o z z l e  to  body d i a m e t e r  
r a t i o  (d j /D)  of 0. 070 and a s e p a r a t i o n  Reyno lds  n u m b e r  of 106. The  in -  
v i s c i d  i n t e r a c t i o n  g e n e r a t e d  by  the  l a t e r a l  c i r c u l a r  j e t  (as d e r i v e d  in  
Ref.  19) was  p r i m a r i l y  a func t ion  of the  j e t  p r e s s u r e  r a t i o  and f r e e - s t r e a m  
M a c h  n u m b e r ;  the  v i s c o u s  p o r t i o n  of the  j e t  i n t e r a c t i o n  d e r i v e d  h e r e i n  
depended  on the  j e t  n o z z l e  d i a m e t e r  to  body d i a m e t e r  r a t io ,  j e t  p r e s s u r e  
r a t i o  (which  d e t e r m i n e s  the  e f f ec t i ve  j e t  s p o i l e r  he ight ) ,  the  s e p a r a t i o n  
Reyno lds  n u m b e r ,  the  c h a r a c t e r  of the  s e p a r a t e d  b o u n d a r y  l a y e r ,  and the  
f r e e - s t r e a m  M a c h  n u m b e r .  T h e r e f o r e  the  t h e o r e t i c a l  c u r v e  (da shed  l i n e s )  
p r e s e n t e d  in F ig .  48 f o r  the  net  i n t e r a c t i o n  load  g e n e r a t e d  by a l a t e r a l  
c i r c u l a r  j e t  on an  og ive  r e p r e s e n t  one p a r t i c u l a r  s e t  of c o n d i t i o n s .  

As shown  by a c o m p a r i s o n  of the  t h e o r e t i c a l  r e s u l t s  wi th  the  p r e s e n t  
e x p e r i m e n t a l  da ta  and the  da ta  of Re f s .  17 and 18 in F i g .  48, the  p r e s e n t  
t h e o r e t i c a l  a n a l y s i s  not  on ly  p r e d i c t s  the  i n f l u e n c e  of the  c h a r a c t e r  of the  
b o u n d a r y  l a y e r  ahead  of the  j e t  on the  i n t e r a c t i o n  l oad ing  but a l s o  the  i n -  
f l u e n c e  of t he  s o n i c  n o z z l e  to body d i a m e t e r  r a t i o ,  d j / D ,  on the  i n t e r -  
a c t i on  load ing .  A c o m p a r i s o n  of the  p r e s e n t  e x p e r i m e n t a l  r e s u l t s  wi th  
t h o s e  of Ref .  18 wh ich  w e r e  ob t a ined  fo r  two l a r g e r  d j / D  r a t i o s  i n d i c a t e d  
t ha t  the  i n t e r a c t i o n  f o r c e  r a t i o  d e c r e a s e d  as  the  d j / D  r a t i o  i n c r e a s e d ,  
and t h i s  r e s u l t  was  t h e o r e t i c a l l y  s u b s t a n t i a t e d  but  not shown  in F ig .  48. 

T h e  p r e s e n t  e x p e r i m e n t a l  r e s u l t s  a r e  c o m p a r e d  wi th  o t h e r  r e s u l t s  
in F i g .  49 on the  s a m e  g e n e r a l  b a s i s  as  the  f ia t  p l a t e  r e s u l t s ,  n a m e l y ,  
the  i n t e r a c t i o n  f o r c e  v e r s u s  the  je t  m o m e n t u m  p a r a m e t e r ,  (p j /p®)Ae.  
I nc luded  in t h i s  f i g u r e  a r e  the  e x p e r i m e n t a l l y  d e t e r m i n e d  i n t e r a c t i o n  
c o e f f i c i e n t s  g e n e r a t e d  on a ho l low c y l i n d e r .  The  r e s u l t s  in th i s  f o r m  
i n d i c a t e d  tha t  wi th  i n c r e a s i n g  j e t  m o m e n t u m ,  the  i n t e r a c t i o n  f o r c e  coe f -  
f i c i e n t  i n c r e a s e d  if the  s t a t e  of the  b o u n d a r y - l a y e r  s e p a r a t i o n  was  t u r b u -  
l en t  and d e c r e a s e d  o r  r e m a i n e d  the  s a m e  if the  s e p a r a t i o n  was  l a m i n a r .  
A l s o  m o v i n g  the  j e t  f o r w a r d  of the  m o d e l  b a s e  r e d u c e d  the  i n t e r a c t i o n  
f o r c e  coe f f i c i en t .  Un l ike  the  f l a t  p l a t e  o r  hol low c y l i n d e r  r e s u l t s ,  the  
j e t  i n t e r a c t i o n  f o r c e  for  a g iven  j e t  m o m e n t u m  on the  n i n e - c a l i b e r  og ive  
was  qui te  s e n s i t i v e  to the  s t a t e  of the  b o u n d a r y  l a y e r ,  the  mode l  s i z e  to 
j e t  n o z z l e  d i a m e t e r  r a t i o ,  the  r e l a t i v e  a x i a l  l o c a t i o n  of j e t  nozz le ,  and 
f r e e - s t r e a m  R e y n o l d s  n u m b e r .  

5.0 CONCLUDING REMARKS 

The  fo l lowing  s i g n i f i c a n t  r e s u l t s  w e r e  ob ta ined  wi th  the  p r e s e n t  t e s t  
m o d e l s  a t  M a c h  n u m b e r s  2 .99 ,  3 .98 ,  and 5 .01  in the  o v e r a l l  R e y n o l d s  
n u m b e r  r a n g e  f r o m  0 .5  to 6 . 0  x 106 and a r e  b r i e f l y  s u m m a r i z e d .  
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1. In m a n y  r e s p e c t s  a l a t e r a l  son ic  je t  p roduced  the s a m e  type  of 
flow f ie ld  as  a v e r t i c a l  s p o i l e r  (s tep)  in  a s u p e r s o n i c  s t r e a m .  

2. The  i n t e r a c t i o n  f o r c e  p roduced  by l a t e r a l  j e t s  i n c r e a s e d  if any 
one of the  fo l lowing  p a r a m e t e r s  w e r e  i n c r e a s e d :  the  je t  
m o m e n t u m ,  the  d e n s i t y  of the  m u l t i p l e  c i r c u l a r  n o z z l e  con-  
f i gu ra t i on ,  the  s p a n  (or  a s p e c t  r a t io )  of a r e c t a n g u l a r  nozz l e ;  
o r  if  a s i n g l e  c i r c u l a r  s o n i c  nozz l e  was  r e p l a c e d  by a r e c t a n g -  
u l a r  son i c  nozz l e  wi th  the  s a m e  e f f ec t ive  t h r o a t  a r e a ;  o r  if  the  
s i n g l e  c i r c u l a r  nozz l e  was l o c a t e d  f o r w a r d  of the  t r a i l i n g  edge 
of a p l a n a r  s u r f a c e .  In the  c a s e  of the  ogive ,  the  i n t e r a c t i o n  
f o r c e  a l so  i n c r e a s e d  if the s e p a r a t e d  b o u n d a r y  l a y e r  ahead  of 
the  l a t e r a l  j e t  was  t u r b u l e n t  and the je t  p a r a m e t e r  (pj/p®)A e ~- 10, 
if  the  n o z z l e  was  l o c a t e d  at  the  m o s t  af t  m o d e l  s t a t i o n  n e a r  the  
mode l  base ,  o r  if  the  f r e e - s t r e a m  R e y n o l d s  n u m b e r  was  in -  
c r e a s e d .  

3. A l i n e a r  c o m b i n a t i o n  of the  t h e o r e t i c a l  e s t i m a t e s  of the  j e t  
i n t e r a c t i o n  f o r c e  r a t i o  ( F N i / F j )  p r o d u c e d  by the  v i s c o u s  and 
i n v i s c i d  i n t e r a c t i o n  of a l a t e r a l  j e t  wi th  a s u p e r s o n i c  s t r e a m  
w e r e  in r e a s o n a b l y  good a g r e e m e n t  wi th  the  e x p e r i m e n t a l  
r e s u l t s .  

4. As  shown  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y ,  the  r a t i o  of the  
i n t e r a c t i o n  f o r c e  to the  j e t  r e a c t i o n  fo r ce  g e n e r a l l y  i n c r e a s e d  
wi th  d e c r e a s i n g  j e t  p r e s s u r e  r a t i o  and i n c r e a s i n g  f r e e - s t r e a m  
M a c h  n u m b e r .  

. 

F o r  a g iven  R e s  va lue ,  a p l ane  s u r f a c e  con t a in ing  a r e c t a n g u l a r  
l a t e r a l  s o n i c  j e t  t h e o r e t i c a l l y  p roduced  the  l a r g e s t  i n t e r a c t i o n  
f o r c e  in the  p r e s e n c e  of t u r b u l e n t  s e p a r a t i o n ,  but a c i r c u l a r  j e t  
p r o d u c e d  the  m a x i m u m  i n t e r a c t i o n  in  the  p r e s e n c e  of l a m i n a r  
s e p a r a t i o n .  On a body of r e v o l u t i o n  fo r  j e t  p r e s s u r e  r a t i o s  > 200, 
a c i r c u l a r  j e t  e x p e r i m e n t a l l y  and t h e o r e t i c a l l y  p roduced  the  
l a r g e s t  i n t e r a c t i o n  in the  p r e s e n c e  of t u r b u l e n t  s e p a r a t i o n  when 
the r a t i o  of d j / D  = 0 .07 .  F o r  w e a k e r  j e t s  (pj/p® < 200), l a m i n a r  
s e p a r a t i o n  p r o d u c e d  the  h i g h e r  c i r c u l a r  j e t  i n t e r a c t i o n  f o r c e .  

In the  c a s e  of the  f la t  p l a t e  data ,  the  c o r r e l a t i o n  be tween  the  
t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  t e n d e d  to i m p r o v e  at the  
h i g h e r  M a c h  n u m b e r s .  In m o s t  c a s e s ,  the  t h e o r e t i c a l  e s t i m a t e s  
of the  i n t e r a c t i o n  f o r c e  g e n e r a t e d  by a l a t e r a l  c i r c u l a r  j e t  l o c a t e d  
at  the  aft  s t a t i o n  of a body of r e v o l u t i o n  fe l l  wi th in  the e x p e r i -  
m e n t a l  va lue s  b a s e d  on l a m i n a r  and t u r b u l e n t  b o u n d a r y - l a y e r  
s e p a r a t i o n .  
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. These  e x p e r i m e n t a l  r e s u l t s  indica ted  that  a s ingle  c i r c u l a r  je t  
should be p laced about 30 nozzle  d i a m e t e r s  fo rward  of the 
t r a i l i n g  edge of p l ana r  s u r f a c e s  and at the base  edge of bodies  
of r evo lu t ion  to achieve  the m a x i m u m  in t e r ac t i on  force .  In 
genera l ,  the bes t  nozzle  conf igura t ion  for mos t  appl ica t ions  
appea red  to be a r e c t a n g u l a r  nozzle  (slot) or  mul t ip le  c i r c u l a r  
nozzle  conf igura t ion  loca ted  at the model  t r a i l i n g  edge. 
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APPENDIX 

T h e  c o m p u t a t i o n a l  p r o c e d u r e  for  e v a l u a t i n g  the  i n v i s c i d  i n t e r a c t i o n  
f o r c e  p r o d u c e d  by a l a t e r a l  j e t  f r o m  a c i r c u l a r  son ic  n o z z l e  on a s u r f a c e  
in a s u p e r s o n i c  s t r e a m  was  ob ta ined  f r o m  the  t h e o r e t i c a l  a n a l y s i s  of 
C. F e r r a r i  (Ref.  19). A s y n o p s i s  of the  t h e o r y  and the  equa t ions  u s e d  
in the  c o m p u t a t i o n  of t he  t h e o r e t i c a l  i n t e r a c t i o n  f o r c e  is s u m m a r i z e d  in 
th i s  appendix .  In the  t h e o r y ,  the  j e t  s t r e a m  was a s s u m e d  to r e m a i n  
u n m i x e d  wi th  the  e x t e r n a l  s t r e a m ,  and the  i n t e r n a l  c h a r a c t e r i s t i c s  of 
the  j e t  a r e  e x a m i n e d  by b a l a n c i n g  the  e x t e r n a l  s t r e a m  p r e s s u r e  f o r c e  
on the  p e r i p h e r y  of the  je t  s t r e a m  tube with the  i n t e r n a l  f o r c e s  of the  
je t .  Once  the  e x t e r n a l  c r o s s - s e c t i o n a l  s h a p e  of the  j e t  was def ined ,  an 
e s t i m a t e  of the  s h a p e  of the  c e n t e r l i n e  path  of the  j e t  was  d e t e r m i n e d .  
With  an a p p r o x i m a t e  eva lua t i on  of the  je t  s t r e a m  tube con tour ,  an e s t i -  
m a t e  was m a d e  of the  s h a p e  and pos i t i on  of the  d e t a c h e d  s h o c k  wave  
r e l a t i v e  to the  expanded  l a t e r a l  j e t  s t r e a m .  The  flow f ie ld  b e t w e e n  the  
d e t a c h e d  shock  and the  j e t  s t r e a m  in the  v i c i n i t y  of the  s u r f a c e  c o n t a i n -  
ing the  son i c  j e t  n o z z l e  was  then  a p p r o x i m a t e d  on the  ba s i s  of L i g h t h i l l ' s  
t r e a t m e n t  of the  h y p e r s o n i c  b l u n t - b o d y  p r o b l e m .  

The  fo l lowing  c o m p u t i n g  p r o c e d u r e  was  u s e d  to eva lua t e  F e r r a r i ' s  
equa t ion  wh ich  d e f i n e s  the  m a g n i t u d e  of the  r a t i o  of the  i n v i s c i d  i n t e r -  
ac t ion  f o r c e  (FNi) p r o d u c e d  on a p l a n a r  s u r f a c e  in a s u p e r s o n i c  s t r e a m  
by a l a t e r a l  c i r c u l a r  s o n i c  j e t  to the  j e t  r e a c t i o n  f o r c e  (Fj) .  In g e n e r a l ,  
the  t e r m s  of the  n o m e n c l a t u r e  u s e d  in Ref.  19 wi l l  a l so  be u s e d  in the  
fo l lowing  equa t ions  r e q u i r e d  to e v a l u a t e  F N i / F j .  

F N.___!_i = 

Fi 

}/'4-1 

(@) {[ ' .'l, _,, 
2 ( y + l )  2 

(1) 

'__L -V -I 

y y+s M 
1 +  8 y + l  

In  th i s  and the  fo l lowing  r e l a t i o n s h i p s ,  7 '  r e f e r s  to the  r a t i o  of s p e c i f i c  
h e a t s  of the  l a t e r a l  j e t  and 7, of the  f r e e - s t r e a m  flow. All  the  o t h e r  
t e r m s  in Eq.  1 a r e  de f ined  in the  p r e s e n t  n o m e n c l a t u r e  excep t  "¢", wh ich  
r e p r e s e n t s  a f a c t o r  b a s e d  on the  g e o m e t r y  of the  flow f ie ld  i n t e r a c t i o n  
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produced  by the l a t e r a l  je t  and the supe r son ic  f r e e  s t r e a m ,  and ¢ is eva l -  
uated in the following m a n n e r .  

The g ene ra l  shape  of the c r o s s  sec t ion  of the jet  s t r e a m  lying in a 
p lane  p e r p e n d i c u l a r  to the jet  s t r e a m  (Fig.  g) cen te r l ine  was a s s u m e d  
to be e l l ip t ica l .  The s e m i - m i n o r  ax is ,  ~o, of the e l l ipse  extends up- 
s t r e a m ,  and the s e m i - m a j o r  axis ,  R, l i es  in the plane of the e l l ipses  
p e r p e n d i c u l a r  to the f r e e - s t r e a m  d i rec t ion .  The jet  s t r e a m  was a s s u m e d  
to expand to the f r e e - s t r e a m  s ta t i c  p r e s s u r e  along the s e m i - m a j o r  axis  
and t h e r e f o r e  

. 

l / Geome t r i c  / 
\ - . . . _ .  / Cen te r  

Sect ion A - A 
M >> 1 

Je t  St earn Cen te r l ine  

1 ~ / .  ~ J e t  S t r e a m  

Detached - - ~  / ~ ~-- 
Shock I I / 

] I / I D * + L (Radius of the Outer Contour 
k~ / j " ' I  - o ~ o f  Approx imated  Jet  S t r e a m  
~ I / ~ Torous) 

II 
0 

Fig. g Nomenclature end Flow Field Used in Ref. 19, Fig. 9 

y'+l 

\ y ' ÷  V 

y;+ 1 

(2) 

where  r o is the r ad ius  of the c i r c u l a r  sonic  nozzle .  
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w 

Along  the  s e m i - m i n o r  axis  an e s t i m a t e  was  m a d e  of the  s t a t i c  p r e s s u r e  p 
app l i ed  on the  u p s t r e a m  p o r t i o n  of the  je t  s t r e a m  tube  by the f r e e - s t r e a m  
f low.  F r o m  h y p e r s o n i c  a p p r o x i m a t i o n s  p r e s s u r e  ~-was de f i ned  as fo l lows :  

t h e r e f o r e  

= 1 + y Y + 3  M~ and (3) 
Po~ 8 y + l  

y + l  
y*+l  " 

T h e s e  t e r m s  for  R / r o  and ~ o / r o  a r e  t a b u l a t e d  in Ref .  25 fo r  v a r i o u s  
p r e s s u r e  r a t i o s .  

An e s t i m a t e  of the  r a d i u s  of c u r v a t u r e  of  the  j e t  s t r e a m  c e n t e r l i n e  
wi th  e l l ip t ica l ,  c r o s s  s e c t i o n  was  a l so  m a d e ,  and it was  c o m p u t e d  wi th  
the  fo l lowing  equa t i ons :  

( Y" ~/:,Y+' ~ ~° + c~'" 
R,* _ ~b t-7"~-~Tst-7-~-7 - Y .2  (s) 
J~o Ci" 

w h e r e  R1 • was  the  r a d i u s  of c u r v a t u r e  of j e t  s t r e a m  c e n t e r l i n e .  

( 1 
, (~/~o)' / lo/B z.L 1 - log Iil~o + q(l~l~o) ~ - 

c~ = c ~ / , o ) ' -  ' 1. ~ v c , / , o ) ' - ,  ~ 7 ~  - vc~ / ,~ ) '  , j  ¢6) 

' ( 
4 l +  ~ 1+ ~ (~') 

b = ~ (11/,Io) and 

t__h.. .Z "-I 

( Po = i +J'/" 2(v + I) YM°° 

w h e r e  

.7/" = 

y + 3 2~ _ _Y_2_L(1 + y ~ . 0 :  
2y" ~ 2(y + I) l 

, - ( - ~ )  , 
, + .  [, - ( ~ ) ' }  
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T h e  v a l u e s  E and A- a r e  the  c o m p l e t e  e l l i p t i c a l  i n t e g r a l s  of the  f i r s t  and 

 e ond  e pectively, o n  t h e  co  on mod u  o f  _ 

With  the  e x p a n d e d  j e t  s t r e a m  c r o s s  s e c t i o n s  a p p r o x i m a t e d  as be ing  
c i r c u l a r  i n s t e a d  of e l l i p t i c a l ,  the  r a d i u s  of c u r v a t u r e  of t h e s e  c i r c u l a r  
s e c t i o n s  w e r e  de f i ned  as  Rc and Rc/~o.  = (R /£0 )2 .  T h e r e f o r e  the  j e t  
s t r e a m  m a y  be r e p l a c e d  wi th  a t o r o u s  wi th  an e x t e r n a l  r a d i u s  of R I *  + £o 
and fo r  an  i n i t i a l  a p p r o x i m a t i o n  wi th  c i r c u l a r  c r o s s  s e c t i o n s  of r a d i u s  R c.  
When  th i s  t o r o u s  has  a ho le  (1) R I *  + ~o > 2 R c  and if  the  ho l e  was  m i s s i n g ,  
t hen  (2) R I *  ÷ £o < 2 Rc .  T h e r e f o r e  two p r o c e d u r e s  m u s t  be t aken ,  d e p e n d -  
ing  on the  p a r t i c u l a r  g e o m e t r y  of the  t o r o u s ,  w h i c h  was  a func t ion  of the  
f r e e - s t r e a m  c o n d i t i o n s  and the  j e t  s t r e n g t h .  

F o r  the  c a s e  w h e r e  R I *  + £o > 2Rc, a j e t  s t r e a m  p a r a m e t e r  a l  was  
e v a l u a t e d  in the  fo l lowing  m a n n e r :  

a I - - - -  COS h 
( R , * / ~ o )  + 1 - (Rc /Z  o) 

R=/Jo 

T h e  c o r r e s p o n d i n g  p a r a m e t e r  of a on the  d e t a c h e d  s h o c k  w a s  d e f i n e d  as 
as and 

a s  - a s  = 2 + c o s  h a s 

T h e  r a t i o  of the  a p p r o x i m a t i n g  r a d i u s  of the  c i r c u l a r  c r o s s  s e c t i o n  of 
d e t a c h e d  s h o c k  w a v e ,  n a m e l y  Rs ,  to the  r a d i u s  of c u r v a t u r e  of the  e x -  
p a n d e d  j e t  s t r e a m ,  Rc,  is  d e f i n e d  as 

R c / R s  = s i n h  a s / s i n h  a I 

If  R1 + ~o < 2Rc,  t h e n  the  v a l u e  of the  p a r a m e t e r  c o r r e s p o n d i n g  to 
a l  was  r e d e f i n e d  as  E1 and e v a l u a t e d  as  fo l lows :  

-,. ( R = * / , , e . o ' )  + n - w , . / Z o  

R c / . e o  

T h e  c o r r e s p o n d i n g  d e t a c h e d  s h o c k  p a r a m e t e r ,  n a m e l y  ~s,  
to fl 1 as  fo l lows :  

/ 3 ,  - .Bs = 2 + o o s  ~,  

and 

was  r e l a t e d  

R c / R s  = sin ~ . s / s i n  fll 
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And the e l l ip t i ca l  t r a n s f o r m e d  coord ina te  (~s) of the shock was then 
r e l a t ed  to that  of the je t  s t r e a m ,  n a m e l y  ( / 1 ) ,  by the fol lowing r e l a t i o n -  
ship:  

where  

and 

S - y  
/ , / . f .  : 

2 

f l  = 

Rc 2 

C -- ( 2 j o .  ___/; ÷ 

s - y  /~-~, '  - 1 v : / 7 -  1 
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Fig. 4 Flat Plate Installation 
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b e r s  2.90. 3.98. and 5.01 m the 12-Inch Supersonic T u n -  
nel (E - I )  of the yon Karman Gas Dynamics Facihty.  The 
interaction forces generated on these bodies were tnveeti- 
ga ted  f o r  v a r i o u s  s o n i c  nozz le  c o n f i g u r a t i o n s  Including 
s ing le  c i r c u l a r  nozz l e s ,  m u l t i p l e  c i r c u l a r  nuzz le s ,  and 
s l o t s  of v a r m u e  width  and  s p a n  s i z e s .  The  nozz les  we re  
o p e r a t e d  a t  j e t  s t a g n a t i o n  to f r e e - s t r e a m  s t a t i c  p r e s s u r e  
r a t i o s  f r o m  10 to  2000.  The  f o r c e  p r o d u c e d  on a s u r f a c e  by 
the i n t e r a c t i o n  of the l a t e r a l  Jet with the  s u p e r s o n i c  f r e e  
s t r e a m  was  e v a l u a t e d  f r o m  m o d e l  p r e s s u r e  d i s t r i b u t i o n s  

© 
and c o m p a r e d  wiUl v a r i o u s  t h e o r e t i c a l  e s t i m a t e s .  Guod 
a g r e e m e n t  was  ob ta ined  b e t w e e n  the  p r e s e n t  experimental 
da ta  and  the t hco re txca l  e s t i m a t e s  b a s e d  on a h n e a r  c o m -  
b ina t ion  of the  vzscous  and  i n v i s c l d  e s t i m a t e s  of the je t  
i n t e r a c t i o n  f o r c e .  Also.  good  a g r e e m e n t  was  ob ta ined  
be tween  the i n t e g r a t e d  p r e s s u r e  d a t a  and  s o m e  f o r c e  m e a s -  
u r e m e n t s .  T h e s e  t h e o r e t i c a l  and  experimental res , l ts  
i nd i ca t ed  that  s i g n i f i c a n t  Jet i n t e r a c t i o n  f o r c e s  a r e  p r o -  
duced.  Ill g e s e r a l ,  c i r c u l a r  sonic Je t s  p r o d . c o d  tile m a x i -  
m s m  i n t e r a c t i o n  f o r c e  when l o c a t e d  abou t  30 je t  nozzle  
d i a m e t e r s  f o r w a r d  of the t r a i l i n g  edge  of  a p l a n a r  s u r f a c e  
o r  a t  the  b a s e  edge  of a body of r e v o l u t i o n .  R e c t a n g u l a r  
nozz l e s  ( s lo ts )  g e n e r a t e d  the l a r g e s t  f o r c e  when loca t ed  
at tile model t r a z h n g  edge .  
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I. J e t  m ix ing  f low 
2. S u p e r s n n i c  f low 
3. Con t ro l  j e t s  
4. S p a c e c r a f t  
5. A t m o s p h e r e  e n t r y  
6. A e r o d y n a m x c  c o n f i g u r o t m n s  
7. L o a d i n g  ( m e r h a m c s )  
8. B o u n d a r y  l a y e r  
9. S , tpe r son ic  nozzles 

I 0. P r e s s u r e  
I I. T e s t s  
12. T h e o r y  

I. AI,'SC P r o g r a m  A r e a  750A. 
P r o j e c t  8953, T a s k  895305 

11. C o . t r a c t  A F  4 0 ( 6 0 0 ) - I 0 0 0  
111. A R e ,  Inc . ,  A r n o l d  A F S t a ,  

Teml.  
IV. W. T. S t r ike .  

C . . I .  S c h u e l e r ,  and  
J .  S, De l t e r lng  

V. In ASTIA Co l l ec t i on  

A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  
A r n o l d  A i r  F o r c e  Sta t ion .  T e n n e s s e e  

Rpt.  No. A E D C - T D R - 6 3 - 2 2 .  INTERACTIONS PRODUCED 
BY SONIC L A T E R A L  J E T S  L O C A T E D  ON SURFACES IN 
A SI IPERSON|C STREAM.  A p r i l  1963. 125 p. 
mc l  34 r e f s . ,  i l lus .  

U n c l a s s i f i e d  R e p o r t  

A f la t  p la te ,  a hol low c y l i n d e r ,  and  a n i n e - c a l i b e r  o g l e r  
con t a in ing  l a t e r a l  s o n i c  j e t s  w e r e  t e s t e d  at Mach  n u m -  
b e r s  2.99. 3.98. and 5.01 in the 12-lnchSupereontc Tun- 
nel ( E - l )  of the von Kn ' rman  G a s  D y n a m i c s  F a c i h t y .  The  
i n t e r a c t i o n  f o r c e s  g e n e r a t e d  on t h e s e  bod i e s  w e r e  i nves t i -  
ga t ed  fo r  v a r i o u s  s o n i c  nozz le  c o n f i g u r a t i o n s  Inc lud ing  
s ing le  c i r c u l a r  n o z z l e s ,  mu l t i p l e  c i r c u l a r  n o z z l e s ,  and  
s l o t s  of v a r i o u s  width  and  s p a n  s i z e s .  The  nozz l e s  w e r e  
o p e r a t e d  a t  j e t  s t a g n a t i o n  to f r e e - s t r e a m  s t a t i c  p r e s s u r e  
r a t i o s  f r o m  10 to  2000.  The f o r c e  p r o d u c e d  on a s u r f a c e  by  
the i n t e r a c t i o n  of the  l a t e r a l  j e t  with the s u p e r s o n i c  f r e e  
s t r e a m  was  e v a l u a t e d  f r o m  m o d e l  p r e s s u r e  d i s t r i b u t i o n s  

© 
and c o m p a r e d  with v a r i o u s  t h e o r e t i c a l  e s t x m a t e s .  Good 
a g r e e m e n t  was  o b t a i n e d  b e t w e e n  the p r e s e n t  e x p e r i m e n t a l  
da ta  and  the  t h e o r e t i c a l  e s t i m a t e s  b a s e d  on a h n e a r  c u m -  
b m a t l o n  of the v i s c o u s  and  i n v i s c i d  e s t i m a t e s  of tlte j e t  
i n t e r a c t i o n  f o r c e .  Also .  good  a g r e e m e n t  was  ob ta ined  
be tween  the i n t e g r a t e d  p r e s s u r e  d a t a  and  s o m e  f o r c e  m e a s -  
u r e m e n t s .  T h e s e  t h e o r e t i c a l  and  e x p e r i m e n t a l  r e s u l t s  
i nd ica t ed  tha t  s l g m h c a n t  j e t  i n t e r a c t i o n  f o r c e s  a r c  p r o -  
duced .  In g e n e r a l ,  c i r c u l a r  s o n i c  l e t s  p r o d u c e d  the m a x i -  
m u m  I n t e r a c t i o n  f o r c e  when l o c a t e d  about  30 je t  nozzle  
d i a m e t e r s  f o r w a r d  of tile t r a i l i n g  edge  of a p l a n a r  s u r f a c e  
o r  a t  the b a s e  edge  of a body of r evo lu t ion .  R e c t a n g u l a r  
nozz le s  (s lots} g e n e r a t e d  the l a r g e s t  f o r c e  when l o c a t e d  
at  the mode l  t r a i l i n g  edge .  
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| .  J e t  m i x i n g  f low 
2. S u p e r s o n i c  f low 
3. Con t ro l  l e t s  
4. S p a c e c r a f t  
5. A t m o s p h e r e  e n t r y  
6. A e r o d y n a m i c  c o n f i g u r a t i o n s  
7. L o a d i n g  ( m e c h a m c s )  
8. Boundary layer  
9. Supersonic nozz l e s  

10, P r e s s u r e  
I I.  T e s t s  
12. T h e o r y  

I. AFSC P r o g r a m  A r e a  750A, 
P r o j e c t  8053. T a s k  895305 

It. C o n t r a c t  A F  40(600) -1000  
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Arnold  Eng inee r ing  Deve lopment  C e n t e r  
Arnold  A i r  F o r c e  Station, T e n n e s s e e  

Rpt. No. A E D C - T D R - 6 3 - 2 2 .  INTERACTIONS PRODUCED 
BY SONIC L A T E R A L  J E T S  LOCATED ON SURFACES IN 
A SUPERSONIC STREAM. Apr i l  1963. 125 p. 
incl 34 r e f s . ,  i l lus.  Unc lass i f i ed  Repor t  

A flat plate ,  a hollow cy l inde r ,  and a n i n e - c a l l b e r  ogive 
containing l a t e ra l  sonic l e t s  were t es ted  at Mach num-  
b e r s  2 .99.  3.98.  and 5.01 in the 12-1nch Supersonic  Tun-  
nel ( E - I )  or the yon K ~ r m a n  Gas  D y n a m i c s  Fac i l i ty .  Tlle 
in teract ion f o r c e s  gene ra t e d  on these  bodies  were  inves t i -  
ga ted  for  v a r i o u s  sonic nozzle  coof tgura t inns  including 
s ingle  c i r c u l a r  nozzles ,  mul t ip le  c i r c u l a r  nozz les ,  and 
s lo ts  of v a r i o u s  width and span s i z e s .  The  nozz les  were  
ope ra t ed  at  jet  s tagnat ion  to f r e e - s t r e a m  s ta t ic  p r e s s u r e  
r a t i o s  f r o m  I0 to 2000. The  fo rce  p roduced  on a s u r f a c e  by 
the in te rac t ion  or the l a t e r a l  Jet with the supe r son ic  f r ee  
s t r e a m  was eva lua ted  f r o m  model  p r e s s u r e  dls t r ibu t ions  

© 
and c o m p a r e d  with va r i ous  t he o re t i c a l  e s t i m a t e s .  Gnod 
a g r e e m e n t  was obtained be tween  tim p r e s e n t  expe r imen ta l  
da ta  and the theore t i ca l  e s t i m a t e s  based  on a l i nea r  e o m -  
innatinn of the vzscous sod invLscid e s t i m a t e s  of the le t  
in te rac t ion  fo res .  Also, good a g r e e m e n t  was obtained 
between the in teg ra ted  p r e s s u r e  da ta  and s o m e  force  m e a s -  
u r e m e n t s .  TIlese t i leore t ica l  and expe r imen ta l  res t l i t s  
indic'sled that s ignif icant  jet  in te rac t ion  f o r e e s  a r e  p ro -  
duced.  ! ,  genera l ,  c i r c u l a r  sonic  j e t s  p roduced  tile max i -  
m u m  in te rac t ion  fo rce  when loca ted  about 30 let  nozzle 
d i a m e t e r s  f o r w a r d  of the t r a i l ing  edge of a p l ana r  s u r f a c e  
o r  at the base  edge of a body of revolut ion .  Rec tangu la r  
nozzles  (s lots)  gene ra t ed  the l a r g e s t  f o r c e  when loca ted  
at the model  t r s s l ing  edge .  

1. Je t  mix ing  flow 
2. Su p e r so n w flow 
3. Control  l e t s  
4. Spacec ra f t  
5. A t m o s p h e r e  en t ry  
6. A e r o d y n a m i c  configuratzon..; 
7. Loading (mech an i c s )  
8. Boundary  l , tyer  
O. Superuomc nozz le s  

10. P r e s s u r e  
I I .  T e s t s  
12. T h e u r y  

I. AFSC P r o g r a m  A r e a  750A. 
P ro j ec t  8953, T a s k  895305 

II. Cont rac t  AF 40(600)-1000 
IIL ARe.  Inc . ,  Arnold A F  Sta, 

Tenn. 
IV. W. T.  Str ike.  

C. J .  Schueler .  and 
J. S. D e n e r i n g  

V. In ASTIA Collect ion 

Arnold  Eng inee r ing  Deve lopment  C e n t e r  
Arnold  A i r  F o r c e  Station, T e n n e s s e e  

Rpt. No. A E D C - T D R - 6 3 - 2 2 .  INTERACTIONS PRODUCED I 

BY SONIC L A T E R A L  J E T S  L O C A T E D  ON SURFACES IN ; 
A SUPErLSONIC STREAM. Apr i l  1963. 125 p. i 

incl 34 r c f s . ,  i l lus .  Unc lass i f i ed  Repor t  

A fiat plate ,  a hollow cy l inde r ,  and a n i n e - c a l l b e r  ogive  
containing l a t e r a l  sonic  j e t s  w e r e  t e s t ed  st  Mach num-  
b e r s  2 .99.  3.98.  and 5.01 in the 12-Inch Supersonic  Tun-  
nel ( E - I )  of the yon K a r m a n  Gas  D y n a m i c s  Fac i l i ty .  Tim 
b l t e rac t inn  f o r c e s  g e n e r a t e d  on these  bodies  w e r e  inves t i -  
ga ted  fo r  v a r i o u s  sonic  nozzle  conf igura t ions  including 
s ingle  c i r c u l a r  nozz les ,  mul t ip le  c i r c u l a r  nozz les ,  and 
s lo ts  of v a r i o u s  width and span s i z e s .  The  nozz les  were  
ope ra t ed  at je t  s t agna t ion  to f r e e - s t r e a m  s ta t ic  p r e s s u r e  
r a t ios  f r o m  I0 to 2000. The  fo rce  p roduced  on a s u r f a c e  by 
the in te rac t ion  of the l a t e r a l  Jet with the supe r son ic  f r ee  
s t r e a m  ,was eva lua t ed  f r o m  model  p r e s s u r e  d is t r ibu t ions  

© 
and c o m p a r e d  with v a r i o u s  t h e o r e t i c a l  e s t i m a t e s .  Good 
a g r e e m e n t  was obtained be tween  tim p r e s e n t  e x p e r i m e n t a l  
da ta  and the t h e o r e t i c a l  e s t i m a t e s  ba sed  on a l i n e a r  c o m -  
bination of the v i s co u s  and invisc id  e s t i m a t e s  of the le t  
in te rac t ion  fo rce .  Also. good a g r e e m e n t  was 'ob ta ined  
between the i n t eg ra t ed  p r e s s u r e  da ta  and s o m e  force  m e a s -  
u r e m e n t s .  Th ese  t heo re t i ca l  and e x p e r i m e n t a l  r e s u l t s  
indicated that s lgo i / ican t  je t  i n t e rac t ion  f o r c e s  a r e  p ro-  
duced.  In gene ra l ,  c i r c u l a r  sonic j e t s  p roduced  the max i -  
m u m  in te rac t ion  fo r ce  when loca ted  about 30 Jet nozzle  
d i a m e t e r s  f o r w a r d  of the t r a i l i ng  edge  of • p l a n a r  s u r f a c e  
o r  at  the b a s e  edge  or a body of revolu t ion .  Rec t angu la r  
nozz les  (s lots)  g e n e r a t e d  the l a r g e s t  f o r ce  when loca ted  
at the model  t r a i l i ng  edge.  

I .  Jet mix ing f low 
2. Supersonic f low 
3. Control  lets 
4. Spacecra f t  
5. A t m o s p h e r e  en t ry  
6. A e r o d y n a m i c  conf igura t ions  
7. Loading (meci lanics)  
8. Boundary  l a y e r  
9. Supersonic  nozz les  

I 0, P r e s s u r e  
11. T e s t s  
12. T h e o r y  

1. APSC P r o g r a m  A r e a  750A. 
ProJec t  8953, T a s k  895305 

II. Cont rac t  AF  40(G00)-I000 
IIl. ARC). Inc . .  Arnold  AF Sta. 

Tenn.  
IV. W. T.  Str ike,  

C. J .  Sehueler .  and 
J .  S. Dei te r ing  

V. In ASTIA Collect ion 
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Arnold  Eng inee r ing  Development  C e n t e r  
Arnold  A i r  F o r c e  Station. T e n n e s s e e  

Rpt. No. A E D C -T D R -63 -22 .  INTERACTIONS PRODUCED 
BY SONIC L A T E R A L  J E T S  L O C A T E D  ON SURFACES IN 
A SUPERSONIC STREAM. Apr i l  1963. 125 p. 
incl 34 e e l s . ,  i l lus.  

U n c l a s s i f m d  Report  

A flat plate,  a hollow cyl inder ,  and a n i n e - c a l i b e r  ogive 
containing l a t e ra l  sonic j e t s  we re  t e s t ed  at Mach num- 
b e r s  2.99,  3.98,  and 5.01 m the 12-Ioch Supersonic  Tun-  # 
nel (E-1)  of the yon K a r m a n  Gas  D y n a m i c s  Faci l i ty .  The  
in te rac t ion  forces gene ra t ed  on these bodies w e r e  tnves t l -  
gated for  v a r i o u s  sonic nozzle  conf igura t ions  including 
s ingle  c i r c u l a r  nozzles ,  mul t ip le  c i r c u l a r  nozzles ,  and 
s lo ts  or v a r i ous  width and span s i z e s .  The  nozzles  were  
ope ra t ed  at jet stagnation to f r e e - s t r e a m  static p ress . re  
r a t ios  f r o m  I0 to 2000. The  fo rce  p roduced  on e s u r f a c e  by 
the in te rac t ion  of the l a t e r a l  Jet with the super son ic  f r ee  
s t r e a m  was eva lua ted  f r o m  model  p r e s s u r e  d is t r ibut ions  

© 
and conlpared with var ious  t l ieoret ical  estimates. Good 
agreement was ohtained between the present experimental 
data  and the theore t i ca l  e s t i m a t e s  ba s e d  on a l i nea r  c h m -  
bsnatlon of tim viscous  and invisc id  e s t i m a t e s  or the le t  
in te rac t ion  force .  Also. good a g r e e m e n t  was obtained 
between the in teg ra ted  p r e s s u r e  data  and s o m e  force  m e a s -  
u r e m e n t s .  T hese  theore t ica l  and e x p e r i m e n t a l  r e su l t s  
indicated that s ignif icant  jet  in te rac t ion  f o r c e s  a r e  p ro-  
duced,  lu genera l ,  c i r c u l a r  sonic  j e t s  p rnduced  the max i -  
nlum in te rac t ion  in rcc  when loca ted  ahout 30 Jet nozzle 
d i a m e t e r s  f o rw a rd  of tim tr . t i l ing ectge ¢)f a p lana r  su r f ace  
o r  at tile base  edge uf a body of r ewdu t ion .  I l ec tangula r  
nozzles  (slots)  g e n e r a t e d  tile l,Argest f o r c e  when located 
at the model  t r a i l ing  edge.  

I.  J e t  mixing /'low 
2. Supersonic  flow 
3. Control Jets  
4. Spacecraft 
5. Atnmsphere entry 
6. Aerodynamic confsgurat tone 
7. Loading (mechanics) 
8. Bmmd ary  l a y e r  
0. Supersonic nozz les  

I0. Pressure 
I I. Tests 
12. Theory 
I. AI,'SC Program Area "/50A, 

l ' r o j ec t  8953. T a s k  895305 
I!. Contract AF 40(600)-1000 

Ill. All(), Inc . .  Arnold AF Sta, 
Tenn.  
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Arnold  Eng ineer ing  Deve lopment  C e n t e r  
Arnold  A i r  F o r c e  Station, T e n n e s s e e  

Rpt. No. A E D C - T D R - 6 3 - 2 2 . . I N T E R A C T I O N S  PRODUCED 
BY SONIC L A T E R A L  J E T S  LOCA TED ON SURFACES IN 
A SUPERSONIC STREAM. Apr i l  1963. 125 p. 
Incl 34 r e f s . ,  i l lus.  

Unc lass i f i ed  Report  

A flat plate,  a hollow cy l inder ,  and a n i n e - c a l i b e r  ogive 
containing l a t e r a l  sonic j e t s  w e r e  t e s t ed  at Math  num-  
b e r s  2 . 9 9 .  3.98,  and 5.01 in the 12-1nchSuperson ic  Tun-  
nel ( E - I )  of the yon K- ' rman  Gas  Dynamics  Faci l i ty .  The  
in te rac t ion  f o r c e s  g e n e r a t e d  on these  b o d i e s  were  inves t l -  
ga ted  for  v a r i o u s  sonic nozzle  conf igura t ions  including 
sb ,g le  c i r c u l a r  nozzles ,  mul t ip le  c i r c u l a r  nozz les ,  and 
s lots  of v a r i o u s  width and span s i z e s .  The nozz les  w e r e  
ope ra t ed  at je t  s t agna t ion  to f r e e - s t r e a m  s ta t ic  p r e s s u r e  
r a t i o s  f r o m  I0 to 2000. The  fo r ce  produced  on a su r f ace  by 
tixe in te rac t ion  of the l a t e r a l  je t  wlth the supeL'sonic f r ee  
s t r e a m  was eva lua ted  f r o m  model  p r e s s u r e  d is t r ibu t ions  

© 
and compared wsth various theoret ical  estimates. Good 
agreement was obtained between the present experimental 
data  and the t heo re t i ca l  e s t i m a t e s  based  on a l i nea r  c o m -  
bination of the viscous  and inv ise ld  e s t i m a t e s  of the je t  
in te rac t ion  f o r c e .  Also, good a g r e e m e n t  was obtained 
be tween  the in teg ra ted  p r e s s u r e  da ta  and s o m e  force  m e a s -  
u r e m e n t s .  T h e s e  t heo re t i ca l  and exper in len ta l  r e su l t s  
indicated that s ignif icant  je t  i n t e rac t ion  f o r c e s  a r e  p ro -  
duced,  in gene ra l ,  c i r c u l a r  sonic  j e t s  p roduced  the max i -  
m u m  i n t e r a c t i o n  f o r ce  when loca ted  about 30 Jet nozzle  
d i a m e t e r s  f o r w a r d  of the t r a i l i ng  edge of a p l a n a r  su r f ace  
o r  at  the base  edge of a body of revolut ion .  Rec tangu la r  
nozz les  (slots)  g e n e r a t e d  the l a r g e s t  force when located 
at the model  t r a t l l ng  edge .  
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Arnold  Eng inee r ing  Deve lopment  C e n t e r  
Arnold  A i r  F o r c e  Station, T e n n e s s e e  

Rpt. No. A E D C - T D R - 6 3 - 2 2 .  INTERACTIONS PRODUCED 
BY SONIC L A T E R A l ,  J E T S  LOCATED ON SURFACES IN 
A SUPERSONIC STREAM. Apr i l  1963. 125 p. 

mc l  34 r e f s . ,  i l lus.  Unc lass i f i ed  Repor t  

A flat  plate ,  a hollow cy l inder ,  and a n l n e - c a l l b e r  ogive 
containing la te / 'a l  sonic  j e t s  w e r e  t e s t ed  at Mach nmn-  
b a r s  2 .99,  3.98.  and 5.01 in the 12-Inch Supersonic  Tun-  
nel (E- l}  of the von K ~ r m a n  Ga s  Dynamics  Fac i l i ty .  The  
in te rac t ion  f o r c e s  g e n e r a t e d  on these  bodies  were  inves t i -  
gated for  va r i ous  sonic  nozzle  conf igura t ions  includmg 
s ingle  c i r c u l a r  nozzles ,  mul t ip le  c i r c u l a r  nozzles ,  and 
s lots  of v a r i o u s  width and span  s i z e s .  The  nuzz les  were  
ope ra t ed  at Jet s tagnat ion  to f r e e - s t r e a m  s ta t ic  p r e s s u r e  
r a t i o s  f r o m  I0 to 2000. The  fo r c e  p roduced  on a s u r f a c e  by 
the in te rac t ion  of the l a t e r a l  je t  with the supe r son ic  f r ee  
s t r e a m  was eva lua ted  f r o m  model  p r e s s u r e  d is t r ibut ions  

() 
and c o m p a r e d  with va r i ous  t heo re t i ca l  e s t l m a t e s .  (~ood 
a g r e e m e n t  was obtained be tween  the p r e s e n t  expe r imen ta l  
data  and the theore tzea l  e s t i m a t e s  based  on a l i n e a r  c o m -  
binatinn of the vxscous and inv isc id  e s t i m a t e s  of the le t  
in te rac t ion  force .  Also, good a g r e e m e n t  was obtained 
hctween the i n t eg ra t ed  pressure data  and some force meas- 
urements. Those theoret ical  and exper imental  results 
indicated tlmt s t g m f i r a n t  je t  In t e rac t ion  f o r c e s  a r e  p ro-  
duced.  In ' gene ra l .  c i r c u l a r  sonic  letS produced  the max i -  
m u m  in te rac t ion  force  wimn located  about 30 jet  nozzle 
d i a m e t e r s  f o r w a r d  of the t r a i l i ng  edge of a p l ana r  s u r f a c e  
o r  at  the base  edge of a body of revolu t ion .  Rec tangu la r  
nozz les  {slots) gene ra t ed  the l a r g e s t  f o r c e  when located 
at the model  t ra i l ing  edge.  
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I.  Je t  m l x m g  flow 
2. S u p e r s u m c  flow 
3, Control  j e t s  
4. Spdcecra f t  
5. Atmosp i l e re  en t ry  
6. Aerodynamzc  cunflknlratlons 
7. ] .oadmg ( rnechamca)  
8. Boundary  l a y e r  
9. Superson ic  nozz les  
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12. T h e o r y  
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Project  8953. Task 895305 
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Arnold  Eng inee r ing  Deve lopmen t  C e n t e r  
Arnold  A i r  F o r c e  Station, T e n n e s s e e  

Rpt. No. A E D C - T D R - 6 3 - 2 2 .  INTERACTIONS PRODUCED 
BY SONIC LATERAL, JETS  I .OCATED ON SURFACES IN 
A StIPEI~qONIC STREAM. Apr i l  1963. 125 p. 

incl 34 rc fs . ,  i l lus. Unclass i f i ed  Repor t  

A fiat plate ,  a hollow cy l inde r ,  and a n i n e - c a l l b e r  ogive  
containing l a t e r a l  sonic  Jets  w e r e  t e s t ed  at Ma th  num-  
b e r s  2 .99 ,  3 .98,  and 5.01 in the 12- inch Supersonic  Tun-  # 
nel ( E - I )  of the yon K a r m a n  Gas  Dynamics  Fac i l i ty .  The  
in te rae t ioo  f o r c e s  g e n e r a t e d  on these  bodies  w e r e  investx- 
ga ted  fo r  v a r i o u s  sonic  noss le  conf igura t ions  including 
s ingle  c i r c u l a r  nozz les ,  mul t ip le  c i r c u l a r  nozz les ,  and 
s lo ts  of v a r i o u s  width and span  s i z e s .  The  nozz les  were  
o p e r a t e d  at  je t  s tagnat ion  to f r e e - s t r e a m  s ta t ic  p r e s s u r e  
r a t i o s  f r o m  I;0 to 2000. The  f o r c e  p roduced  on a su r f ace  h~ 
the in te rac t ion  of Use l a t e r a l  je t  with the supe r son i c  f r ee  
s t r e a m , w a s  eva lua t ed  f r o m  mode l  p r e s s u r e  dls t rzbut ions 

() 
and c o m p a r e d  wlth v a r i o u s  t h e o r e t i c a l  e s t i m a t e s .  Good 
a g r e e m e n t  was obtained be tween  the p r e s e n t  e x p e r i m e n t a l  
da ta  and the t h eo re t i c a l  e s t i m a t e s  based  on a l i n e a r  c o m -  
bination of the v i s co u s  and inv i sc ld  e s t i m a t e s  of the Jet 
m t e r a c t l o n  fo rce .  Also, good a g r e e m e n t  was 'ob ta lned  
between the integrated pressure data and some force meas- 
urements. These theoret ical  and experimental  results 
indicated that s igni f icant  je t  i n t e r ac t ion  f o r c e s  a r e  p ro-  
duced.  In gene ra l ,  c i r c u l a r  sonic  j e t s  p roduced  the m a x i -  
m u m  in te rac t ion  fo rce  when loca ted  about 30 le t  nozzle  
d i a m e t e r s  f o r w a r d  of the t r a i l i ng  edge of a p l a n a r  s u r f a c e  
o r  at the base  edge  of a body of revolu t ion .  Rec t angu la r  
nozz les  {slots} g e n e r a t e d  the l a r g e s t  f o r ce  when loca ted  
at  the model  t r a i l i ng  edge .  
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A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  
A r n o l d  A i r  F O r c e  Sta t ion,  T e n n e s s e e  

Rpt .  No, A E D C - T D R - 6 3 - 2 2 .  INTERACTIONS PRODUCED 
BY SONIC L A T E R A L  J E T S  L O C A T E D  ON SURFACES IN 
A SUPERSONIC STREAM.  A p r i l  1963. 125 p. 
Incl  34 r e f s . ,  i l lus .  

U n c l a s s i f i e d  Repor t  

A f ia t  p la te ,  s hol low c y l i n d e r ,  a n d  a n i n e - c a h b e r  og le s  
con t a in ing  l a t e r a l  son ic  j e t s  w e r e  tested at  M a t h  num- 
bers 2 .99 ,  3 .98 ,  and  5 .01  in the  12-1nch S u p e r s o n i c  Tun-  
nel ( E - I )  of the yon  K ~ r m e n  .Gas D y n a m i c s  F a c i l i t y .  "/'he 
i n t e r a c t i o n  f o r c e s  g e n e r a t e d  on t h e s e  bod i e s  w e r e  inves t i -  
ga t ed  fo r  v a r i o u s  son ic  nozz le  c o n f i g u r a t i o n s  Inc luding 
s ing l e  c i r c u l a r  nozz l e s ,  m u l t i p l e  c i r c u l a r  nozz l e s ,  and 
s l o t s  of va rzous  width and  s p a n  s i z e s .  The  nozz le s  we re  
o p e r a t e d  a t  je t  s t a g n a t i o n  to f r e e - s t r e a m  s t a t i c  p r e s s u r e  
r a t i o s  f r o m  10 to 2000. The f o r c e  p r o d u c e d  on a s u r f a c e  by 
the i n t e r a c t i o n  of the l a t e r a l  j e t  w, th  the s u p e r s o n i c  f r ee  
s t r e a m  was  eva lua t ed  f r o m  m o d e l  p r e s s u r e  d i s t r i b u t i o n s  

© 
and c o m i ) a r e d  wsth v a r i o u s  t h e o r e t i c a l  e s t i m a t e s .  Good 
a g r e e m e n t  was  ob ta ined  be tween  the  p r e s e n t  e x p e r i m c n t e l  
da t a  and tim t h e o r e t i c a l  e s t i m a t e s  b a s e d  on a l i n e a r  c . lm-  
b lna t lon  of the v i s c o u s  and  i n v i s c i d  e s t i m a t e s  of the je t  
n l t e r a c t m n  f n r r c .  AIso,  good a g r e e m e n t  was  obta ined  
be tween  tile i n t e g r a t e d  p r e s s u r e  d a t a  and  s o m e  f o r c e  m e a s -  
a r e s n e n l s .  Tl tese  t h e o r e t i c a l  ansi e x p e r i m e n t a l  r e s u l t s  
ind ica ted  tha t  s i g n i f i c a n t  j e t  i n t e r a c t i o n  f o r c e s  a r e  p r o -  
duced .  In g e n e r a l ,  c i r c u l a r  boni¢. Je t s  p r o d u c e d  the m a x i -  
m u m  i n t e r a c t i o n  force wilen ]orated about  30 Jet nozzle 
diametes s forward of the t ra i l ing e(lgu of a planal" surface 
Or at tile b a s e  edge  of a body of r e v o l u t i o n ,  l l e c t a n g u ] a r  
nozz le s  ( s lo t s )  g e n e r a t e d  rite l a r g e s t  fut'~ e when l oca t ed  
s t  the model  t r a i l i n g  edge ,  
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A r n o l d  E n g i n e e r i n g  Deve lopmen t  C e n t e r  
A r n o l d  A i r  F o r c e  Sta t ion ,  T e n n e s s e e  

Rpt.  No. A E D C - ' F D R - 6 3 - 2 2 .  INTERACTIONS PRODUCED 
BY SONIC L A T E R A L  J E T S  L O C A T E D  ON SURFACES iN 
A SUPERSONIC STREAM.  A p r i l  1963. 125 p. 
lncl  34 r e f s . ,  i l lus .  

U n c l a s s i f i e d  R e p o r t  

A f lat  p la te ,  a hol low c y l i n d e r ,  and  a n i n e - c a l i b e r  og ive  
con t a in ing  l a t e r a l  s o n i c  j e t s  w e r e  t e s t e d  at  Mach  n u m -  
b e r s  2 .99 .  3 .98 .  and  5 .01  in the  12- Inch  S u p e r s o n i c  Tun-  
nel ( E - l )  of the von K~ ' rman G a s  D y n a m i c s  F a c i l i t y .  The  
i n t e r a c t i o n  f o r c e s  g e n e r a t e d  on t h e s e  bod i e s  w e r e  i nves t i -  
ga ted  f o r  v a r i o u s  son ic  nozz le  c o n f i g u r a t i o n s  including 
s ing l e  c i r c u l a r  n o z z l e s ,  mu l t i p l e  circular n o z z l e s ,  and  
s l o t s  of v a r i o u s  width  and  s p a n  s i z e s .  The  nozz l e s  w e r e  
o p e r a t e d  a t  Jet s t a g n a t i o n  to f r e e - s t r e a m  s t a t i c  pressure 
r a t i o s  f r o m  10 to  2000.  The  f o r c e  p r o d u c e d  on a s u r f a c e  by 
the i n t e r a c t i o n  of the  l a t e r a l  j e t  with the supe= son ic  f r e e  
s t r e a m  ,was e v a l u a t e d  f r o m  mode l  p r e s s u r e  d m t r i b u t i n n s  

© 
and  c o m p a r e d  with v a r i o u s  t h e o r e t i c a l  e s t i m a t e s .  Good 
agreement was  ob ta ined  be tween  the p r e s e n t  experimental 
da ta  and  the  t h e o r e t i c a l  e s t i m a t e s  b a s e d  on a l i n e a r  c o m -  
b ina t ion  of  the vzscous  and  m v l s c i d  e s t i m a t e s  of the je t  
i n t e r a c t i o n  f o r c e .  Also ,  good  a g r e e m e n t  was  ob ta ined  
be tween  the  i n t e g r a t e d  p r e s s u r e  d a t a  and  s o m e  f o r c e  m e a s -  
u r e m e n t s .  T h e s e  t h e o r e t z c s l  and  e x p e r i m e n t a l  r e s u l t s  
i nd ica t ed  tha t  s sgn i f i c an t  Jet  i n t e r a c t z o n  f o r c e s  a r e  p r o -  
duced .  In g e n e r a l ,  c s r c u l a r  s o n i c  Je t s  p r o d u c e d  the maxi- 
mum i n t e r a c t i o n  f o r c e  when l o c a t e d  abnu t  30 Jet nozzle  
d i a m e t e r s  f o r w a r d  of the t r a i l i n g  edge of  a p l a n a r  s u r f a c e  
o r  a t  the b a s e  edge  of a body of r e v o l u t m n .  R e c t a n g u l a r  
nozz le s  ( s lo t s )  g e n e r a t e d  the l a r g e s t  f o r c e  when l o ca t ed  
a t  the mode l  t r a i l i n g  edge .  
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4. S p a c e c r a f t  
5. A t m o s p h e r e  e n t r y  
6. A e r o d y n a m i c  c o n f i g u r a t i o n s  
7. L o a d i n g  ( m e c h a n i c s )  
8. B o u n d a r y  l a y e r  
0. S u p e r s o n i c  nozz l e s  

!0 .  P r e s s u r e  
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